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PREFACE 
The problem of carrent conduction through high 
resistivity particles first arose while I was participating 
in a research programme on the electrostatic precipitation 
of high resistivity fly-ash. It became quite clear early in 
the investigation that it was going to be necessary to have a 
thorough understanding of the mechanism of current conduction 
through compressed layers of particles« Although the approach 
to the subject is made as general as possible^ there are 
certain aspects which have been investigated more fully than 
others, these being those areas which are of particular 
interest to Engineers concerned with electrostatic precipitator 
performance« 
In order to assist the reader, a concise statement 
of the approach adopted in this thesis is given in Section 
1.1«1 together with a brief outline of the theoretical and 
experimental work covered. In Section 1»1#2 an outline ±M 
given of the original contribution this thesis makes to the 
body of knowledge on this subject. To assist in following 
the development of the theme throughout the thesis, a summary 
of each chapter is given in the Introduction to each chapter, 
together with a statement as to where the results and 
conclusions will be used in other parts of the thesis^ 
This project could not have been completed without 
the assistance of many people. I am thankful to Professor 
(ii) 
C.A.M. Gray, Warden of Wollongong University College, for 
permission to carry out this research and for making the 
facilities of the College available, and to the Electricity 
GcKomission of New South Wales and the National Goal Research 
Advisory Committee of Australia who have financed the overall 
research programme• I am also indebted to my colleagues, 
Messrs. O.J» Tassicker and Z. Herceg of the Electrical 
Engineering Department who, through being involved in the 
research programme on electrostatic precipitators have 
assisted in creating an environment which has made the 
working on this thesis much easier» 
The working on this thesis has been made most 
satisfying by the encouragement and helpful guidance given 
by my supervisor. Associate Professor Huey, and by the 
personal interest he has taken in this project. For all this 
I express my special thanks« 
Finally, I wish to thank my wife Jean and children, 
David, Bruce and Helen who have had to show much patience and 
understanding during the final stages of this project, 
K.J. McLean, 
Wollongong University College 
November, 1969. 
ABSTRACT 
The mechanism of current conduction through 
particulates compressed between two parallel metal electrodes 
is investigated« The analysis assumes the absence of any 
surface conduction over the particles« It is shown that the 
overall electrical characteristics are determined by the 
characteristics of the individual contacts of the particles 
themselves, their bulk resistivity aid the mode of compaction« 
Silica glass and borosilicate glass are chosen to 
represent typical characteristics of electronic and ionic 
conducting, high resistivity materials« After investigating 
their bulk characteristics in high electric fields, the 
characteristics of the different types of contacts are 
examined experimentally by the use of scaled up models of the 
contacts« 
The glass-glass contacts and glass-metal contacts 
all show non linear voltage-current characteristics« This is 
attributed to the existence of high electric fields which 
reduce the bulk resistivity of the glass and induce charge 
transfer across the small airgaps near the points of contact« 
With metal-borosilicate contacts, the current is 
time dependent« The current increase for negative electrode 
polarity is attributed to excess electrons entering the glass, 
and the decrease in current with the opposite polarity is 
attributed to the depletion of mobile ionic carrier density« 
Some analytical results of the e f fect ive res i s t iv i ty 
of regular and random compactions of spherical particles are 
obtained, and the e f f ec t of mixtures of particle size are 
investigated qualitatively« A general equation f or the 
e f fec t ive res is t iv i ty of a particulate solid i s derived. 
The two glasses are ground into a powder, compressed 
between two parallel metal plates, and their overall e lectr ical 
characteristics measured« These are explained in terms of the 
characteristics of the scaled up models of the contacts, the 
res is t iv i ty and the mode of compaction. To i l lustrate the 
work, a set of f ly-ash characteristics are interpreted in 
terms of the theory developed in this thesis . 
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CHAPTER 1 . 0 
I N T R O D U C T I O N 
1#1 Introduction» 
l . l ^ l Detailed Outline of Thesis. 
The topic of this thesis arose out of a research 
programme on the e lectrostat ic precipitation of high r e s i s t i v -
i ty f l y - a s h . Although the approach has been made as general 
as possible , some of the aspects which are of particulaj* 
interest in e lec trostat i c precipitator operation have been 
more f u l l y developed than others. 
In chapter 1 . the general philosophy of approach 
i s developed« The thesis i s concerned with f inding and 
explaining the e lec t r i ca l characterist ics of high r e s i s t i v i t y 
part i c les compressed between two parallel metal p lates . I f 
the surface conduction over the part ic le surface i s assumed 
negl igible then i t i s argued that the three main fac tors 
responsible f o r the characterist ics of the current conduction 
are the e l e c t r i ca l characterist ics of the part ic le contacts 
between themselves and with the metal electrodes, the bulk 
r e s i s t i v i t y and the mode of compaction. In order to make the 
investigation more useful , both ionic and electronic conducting 
materials are used. A survey i s made of the existing work on 
current conduction through particulate sol ids , and of the 
measuring techniques used. 
The area of contact, contact resistance and the 
magnitudes of the e lec t r i c f i e l d s are investigated theoret ical ly 
in Chapter 2 . I t i s shown that very high e l e c t r i c f i e l d s can 
be generated in the particles themselves and between adjacent 
surfaces in the region around the points of contact. The 
existence of these high electric fields is used to explain 
the characteristics of the contacts observed in the following 
chapters^ A "field magnitude" factor is introduced to 
indicate the magnitude of the electric fields around the 
contact points* 
Optically clear silica and borosilicate glass 
respectively are chosen as tjrpical examples of electronic and 
ionic conducting materials» The bulk characteristics of 
these materials under high electric fields and temperatures 
are investigated in Chapter 3, together with their absorption 
current characteristics« !Fhe presence of spurious pulses was 
observed in silica and this is further examined in the 
Appendix« 
The electrical characteristics of the contacts are 
investigated experimentally by the use of scaled up models. 
By using a system of small diameter rods as one electrode» 
the bulk characteristics of the contacts are determined^ A 
similar set of characteristics is then obtained by replacing 
the rod electrode with a metal ball« By comparing the two sets 
of characteristics, it is shown that electron transfer takes 
place between two adjacent surfaces around the point of 
contact of any two particles. By varying the polarity of the 
metal electrodes and observing the results, the behaviour of 
the contacts between the particles and the anode and cathode 
metal electrodes is determined^ The metal to glass contact 
characteristics using electronic conducting glass are given 
in Chapter 4 and those using ionic conducting glass in 
Chapter 5» The characteristics of glass-glass contacts are 
also investigated and the results recorded in Chapter 6# In 
each of these cases, the results are related to the bulk 
characteristics of the glass and additional models are 
proposed to account for the phenomena observed» 
In Chapter the effect of different modes of 
compaction are investigated^ In the first instance, the 
effective resistivity of regular arrays of uniform sperical 
particles is determined analyticallyo This is then extended 
to randomly packed uniform spheres and then to particles 
with a wide size distribution» A general equation for the 
effective resistivity of a particulate solid is given: 
H' A € -N'E € av 
Samples of the two types of material used in the 
previous tests are then ground to a powder and their electric-
al characteristics recorded in Chapter These are then 
explained in terms of the bulk characteristics of the material, 
the characteristics of the point contacts and the compaction« 
In order to illustrate the results, the characteristics of a 
sample of fly-ash are interpreted in terms of the theory 
developed in the thesis« 
1^1.2 Orig inal Contr ibut ion of Thes is . 
In th i s s e c t i o n , an attempt i s made 
to g ive a conc i se statement of the o r i g i n a l c o n t r i b u t i o n 
made by t h i s Thesis to the understanding of the mechanism 
of current conduction in p a r t i c u l a t e s o l i d s . The main areas 
where t h i s c ont r ibut i on has been made are l i s t e d below» 
( i ) The f i r s t of these i s in the general 
philosophy o f the approach adopted f o r t h i s i n v e s t i g a t i o n . 
In the past , very l i t t l e attempt has been made t o r e l a t e the 
o v e r a l l c h a r a c t e r i s t i c s of the current conduction through 
p a r t i c u l a t e s o l i d s to the c h a r a c t e r i s t i c s o f the p a r t i c l e s 
themselves and t h e i r e f f e c t on one another. This i s the f i r s t 
time that this has been attempted f o r a compacted layer of 
p a r t i c l e s in which the surface conduction over the p a r t i c l e s 
i s el iminated» The re la t i onsh ip i s es tab l i shed in two ways: 
(a) By using scaled up models o f the 
p a r t i c l e contac ts to obtain the i r 
e l e c t r i c a l c h a r a c t e r i s t i c s . These are 
then re la ted to the c h a r a c t e r i s t i c s o f 
the contacts in the p a r t i c u l a t e s o l i d 
and to the o v e r a l l c h a r a e t e r i s t i c s . 
(b) By analysing in d e t a i l the e f f e c t o f 
d i f f e r e n t modes of compaction of the 
p a r t i c l e s on the current conduction 
through the p a r t i c u l a t e s o l i d » 
( i i ) This i s the f i r s t time that the Holm equation 
Oo 
haa been used in a theoretical investigation of the e l e c t r i ca l 
f i e l d strength around the contact points of the p a r t i c l e s . 
I t i s demonstrated that high e l e c t r i c f i e l d s maj exist in 
the part i c les themselves and between surfaces in the region 
of their points of contact• The 'FM* factor i s introduced 
as a means of indicating the order of magnitude of these 
e l e c t r i c f i e l d s . 
( i i i ) Some of the character ist ics of the point 
contacts between two glass samples and between glass and 
metall ic electrodes in high e lec tr i c f i e l d s have been 
observed f o r the f i r s t time. The two important ones are; 
(a) the non-linear voltage-current 
relationship, and 
(b) the time dependence of the current 
in the case of metal to ionic 
conducting glass contacts . 
New experimental techniques have been developed 
to investigate these characterist ics and new models proposed 
to account f or the observed resul ts . 
( iv ) This i s the f i r s t occasion on which an 
e f f e c t i v e r e s i s t i v i t y of a particulate so l id i s related to 
the mode of compaction of the par t i c l e s . A complete 
theoret ical analysis i s made of an ideal situation yibBve 
spherical particles of uniform size are compacted in 
regular arrays« A method is also suggested for determining 
the effective resistivity of the random packing of uniform 
particles. The effect of a random distribution of 
particle size on the effective resistivity is discussed. 
(v) A semi-empirical equation is derived for 
the effective resistivity of a particulate solid. This 
takes into account the bulk characteristic of the particle 
material, the mode of compaction and the electrical 
characteristics of the contact points of the individual 
particles. As far as the overall characteristics are 
concerned, the model proposed accounts for the non-linear 
voltage-current characteristics, the temperature 
dependence and effect of compaction. The origin of the 
current transient components observed in resistivity 
measurements has been determined. 
(vi) This is the first occasion on which a 
rod electrode system has been used to investigate the 
origin of the spurious pulses observed in silica and fly-
ash. A new model is proposed to account for these 
pulses. 
1.2 Philosophy of Approach. 
1«2#1 Relationship to Electrostatic Precipitators. 
The problem of current conduction through 
high r e s i s t i v i t y part ic les f i r s t arose in connection with a 
research programme now being undertaken by the Electr ical 
Engineering Department at Wollongong University Col lege. The 
aim of this programme i s to investigate the basic physical 
processes taking place in e lectrostat i c precipitators , 
especial ly when precipitating high res i s t i v i ty part i c les , 
and to re late these processes to the precipitator performance. 
The ultimate aim i s to use this knowledge to improve their 
overal l e f f i c i ency and performance. In general terms the 
overal l prograoame i s concerned with t he following pro jec ts : 
(a) Investigation of the corona current character-
i s t i c s with clean and contaminated e lectrodes . 
(b) The e l e c t r i c f i e l d distr ibut ion. 
(c) Mechanism of part ic le charging• 
(d) Factors af fect ing part ic le adhesion. 
(e) Mechanism of current conduction through 
compressed layers of par t i c l es . 
( f ) Resist ivity measuring techniques« 
(g) The prediction of f u l l scale precipitator 
performance from data obtained from bench type 
prec ip i tators . 
s 
This thes i s represents part of the invest igat ion associated 
with Pro jects (e) and ( f ) » 
To understand the re lat ionship of the topic of th i s 
thes is to that of e l e c t r o s t a t i c prec ip i ta tors , i t i s necessary 
to give a b r i e f out l ine of the general pr inc ip les of their 
operation^ Good, comprehensive and detai led accounts are 
given in the books by White ( 1 ) , and Rose and ^ood ( 2 ) . An 
e l e c t r o s t a t i c prec ip i ta tor comprises a ser ies of earthed 
p a r a l l e l p lates or tubes ca l l ed c o l l e c t i n g e lec trodes , which 
enclose wire discharge e l e c t rodes . When a high negative 
voltage i s applied to the discharge e lectrode , a corona 
current f lows between i t and the co l l e c t ing e lec trode . As 
the gas containing the suspended par t i c l e s f lows through the 
pre c ip i ta to r , the suspended par t i c l e s are charged negatively, 
and under the inf luence of the e l e c t r o s t a t i c f i e l d , are 
deposited on the c o l l e c t i n g plate causing a thick layer to be 
formed. The accumulated deposit on the c o l l e c t i n g electrode 
i s removed by occasional ly rapping the electrode thus causing 
the deposited p a r t i c l e s t o f a l l into hoppers. 
The main corona current i s carr ied across the air 
gap between the e lectrodes by charge attachment to the gas 
molecules and suspended p a r t i c l e s , which, on reaching the 
surface o f the deposited layer are discharged through the 
layer to the metal e l ec t rode . Under some circumstances there 
are also f r e e e lectrons in the a ir gap. I f the par t i c l e 
resistivity is high, the current flow through the particles 
establishes high electric fields in the layer, which affects 
the operation of the precipitator and reduces its efficiency. 
The relationship between the reduction in efficiency 
and particle resistivity is usually attributed to 'back corona* 
This phenomenon appears as blue point discharges on the surface 
of the deposited layer of particles and has the effect of 
reducing the spark over voltage, increasing the corona current, 
generating local disturbances of the electric field, reversing 
the charge of the oncoming suspended particles and causing 
erosion of the particle layer. In addition to this, the 
author(3) has shown that even if the effects of back corona 
are ignored, the voltage drop across the deposited layer 
reaches such a magnitude that the effective voltage in the 
air gap between the electrodes is reduced^ This reduces the 
charging and accelerating electric fields for the suspended 
particles and reduces the precipitator efficiency. 
An understanding of the mechanism of current 
conduction through a layer of compacted particles and of the 
manner in which the over all resistance is governed by the 
particulate form of the layer is basic in any programme 
aimed at understanding the processes taking place in 
electrostatic precipitators« 
Manner of Current Injection« 
It is necessary at this stage to decide 
on the manner in which the current is to be injected into 
the compacted layer of particulate solids. In electrostatic 
precipitator work, the current conduction problem arises 
in two quite different circumstances. The first is on the 
collecting plate of the precipitator. In this case the 
particle layer is bombarded by a stream of negatively 
charged ions and particles which discharge through the 
layer to the metal electrode. The other occasion is where 
resistivity measurements are being made of the particles 
compressed between two metal electrodes. The method of 
charge injection is different in these two cases and this 
results in different overall characteristics of the layer. 
In the former case for instance, for high resistivity 
particles;, a back discharge in the form of luminous spots 
appears on the layer surface and this complicates the 
mechanism of conduction through the layer. It is apparent 
that the latter case is the more basic one and it is 
proposed to restrict this investigation to the stuctr of 
current conduction in particulate layers compressed between 
two parallel metal electrodes. The other aspect is to be 
the subject of another project. 
General Consider étions« 
iThe aim of this investigation into the 
mechanism of current conduction through particulate so l ids 
can be better understood by posing the problem in an alternative 
form. The basic object ive of the thesis i s to determine how 
the character ist ics of an insulating material, broken into 
small par t i c l es and compressed between metal electrodes, w i l l 
d i f f e r from i t s character ist ics when in the sol id form. There 
are a number of fac tors responsible f o r the di f ferences that 
occur but the ones which dominate the conduction mechanism 
are: 
(a) The large spec i f i c area of the layer when in 
the particulate form. Hence i t fo l lows that the surface 
character ist i cs wi l l play a much more important part in the 
conduction process when in the particulate than when in the 
so l id form# 
(b) Points of contact^ In the particulate form, 
the l&jer i s made up of a large number of small part i c les 
compressed together and making contact with the adjacent 
par t i c l es at a number of po ints . The area of these points of 
contact w i l l depend on the part i c le shape, type of compaction, 
and forces involved^ but in any case i t wi l l be small compared 
with the diameter of the p a r t i c l e s . As the current flows 
through the layer i t must pass through these points of contacté 
Since their areas are small, the current density, and hence the 
e l e c t r i c f i e l d s in this region must be higher than the average 
electric fields The effect of this will vary with circum-
stances but under some conditions will cause heating, 
reduction in the bulk resistivity, carrier depletion, space 
charge build up and charge transfer across the airgap 
between the particles* 
(c) Particle compaction. The conduction of the 
current will be governed by such factors as the particle 
shape, the size distribution, type of compaction, and the 
compaction forces as well as the elastic characteristics of 
the particles themselves« 
In order to have a clear picture of the conduction 
mechanism it is convenient to consider two extreme cases. 
One where the current flows only over the surface of the 
particles and the other where the current flows entirely 
through the volume of the particles and only comes to the 
surface at the points of contact. Of the two cases the 
latter is the more basic and it is therefore proposed to 
investigate this in the thesis. 
The problem is therefore reduced to one involving 
an investigation of the electrical characteristics of point 
contacts and the influence of the mode of compaction with 
volume conduction taking place through the particles. 
1.2«4 Material 
In choosing a suitable material the follow-
ing requirements have to be met: 
(a) The material must have a high resistivity 
and a negative temperature co-efficient• 
(b) It must be obtainable in solid form in 
order that its bulk and surface properties 
can be investigated before it is ground to 
a powder« 
(c) Its chmical composition must be similar to 
that of fly-ash. 
(d) In order to keep the investigation as general 
as possible it is necessary to select two 
different materials; one of which must be 
essentially ionic conducting and the other 
electronic conducting• 
As shown in Appendix I, the main chemical constituent 
of fly-ash is silica. On the basis of the chemical ccwiposi-
tion, X-Ray diffraction analysis and the presence of trace 
elements in the fly-ash, it is reasonable to assume that both 
electronic and ionic conduction may take place» Ply-ash 
itself however is not a suitable material for these tests as 
it is not possible to obtain it in a solid form so that its 
bulk characteristics can be investigated. 
The two materials chosen were borosilicate glass 
and optically clear silica. Both of these meet the chemical 
requirement of containing a large percentage of silica. A 
number of ionic conduction materials were investigated but 
it was decided to use boro silicate glass as it is readily 
available, has good temperature properties and some experi-
mental work had already been carr ied out on i t s e l e c t r i c a l 
propert ies• A purely e lec t ron ic conducting material was not 
immediately available« However, op t i ca l l y c lear s i l i c a 
appeared to be su i tab le . Very l i t t l e i s known about i t s 
conducting mechanism but, as w i l l be shown in Chapter 4, 
the author 's work indicates that i t i s e ssent ia l ly an 
e lec t ron ic conducting material* 
1 .3 Survey. 
1»5«1 Conduction Mechanism 
In general, there has not been very much 
interest in the problem of current conduction in part i cu late 
so l ids« Outside of the work associated with e l e c t r o s t a t i c 
p rec ip i ta to rs most of the published work ( 4 ) ( 5 ) ( 6 ) i s 
concerned with the overal l e l e c t r i c a l charac ter i s t i c s of low 
r e s i s t i v i t y powders in which very l i t t l e attempt has been 
made to develop a theoret i ca l analysis of the conduction 
mechanism. Some of the main appl icat ions of the conductivity 
charac ter i s t i c s o f powdered materials have been to determine 
the moisture content of substances as sand(7) and wheat grain 
(8 ) , and to determine the dew point of gases (9 ) . 
The most extensive invest igat ions into th is topic 
have been carr ied out in research programmes associated with 
e l e c t r o s t a t i c p r e c i p i t a t o r s . I t has been a common pract ice 
of invest igators working in th is f i e l d to speak of two modes 
1 D 
of current conduction; 
( i ) volume conduction, 
and ( i i ) surface conduction. 
There are special circumstances where e i ther one or the 
other of these conduction mechanisms w i l l dominate but 
o f ten they occur together . 
For volume conduction alone to e x i s t , the p a r t i c l e 
surfaces must be cleaned to remove any high conducting outer 
layer• Under these condit ions , the main current f l ows 
through the volume of the p a r t i c l e , coming to the surface 
only at the po ints of contact» I t has been observed that 
f o r a f i x e d set of compaction condi t ions , the var ia t i on of 
conduct iv ity with temperature obeys the Rash Henrickensen 
Law» 
A e -^AT 1,1 
Where 0 i s c a l l e d the act ivation energy, k i s 
Boltzmanns' constant, T the absolute temperature and A a 
constant . L i t t l e attempt has been made to invest igate these 
constants . White(lO) has compared the act ivat ion energies 
of leached f l y - a s h with that of common mater ia ls . 
Surface conduction occurs when p a r t i c l e s adsorb gas 
molecules, chemicals or water onto the ir outer surface 
causing a high conduct iv i ty layer to b e formed. Although 
conduction through the volume must always occur, in the case 
where the surface conduct iv ity of the layer i s high compared 
with that of the volume, i t i s reasonable to neglect the 
volume conduction« Much of the interest has been in comparing 
the overall conductivity of the compacted layers of particles 
with variations of environmental conditions« Sproull and 
Nakadadl) have made one of the most thorough investigations 
of the effect of varying the temperature and relative 
humidity on the apparent resistivity of a number of industrial 
dusts. Daniel(12) has measured the apparent resistivity as a 
function of the amount of water adsorbed at various temperatures. 
Surface conduction is also influenced by adsorbed gases» One 
well established practice for reducing the resistivity of the 
particles is to condition the gas carrying the suspended 
particles by adding small quantities of ammonia, sulphar-
trioxide, chlorides or hydrocarbon vapours as conditioning 
agents. These are adsorbed on to the particle surfaces thus 
reducing the surface resistivity. Although the reduction in 
resistivity has been measured, no systematic attempt has been 
made to relate experimentally the temperature, conditioning 
agent concentration, humidity and particle material to the 
apparent resistivity. 
The influence of such factors as particle compaction 
and that of the applied electric field have only been observed 
and superficially investigated(13). 
The first person to attempt to establish a theor-
etical model relating some of the basic parameters of the 
dust to its overall electrical characteristics was Nasuda(14) 
(15). He began his analysis by considering spherical 
particles arranged in a simple cubic array• By calculating 
the area of contact between two adjacent particles from the 
Hertz Equation and determining the effective resistaxice of 
the points of contact he developed a theoretical expression 
for the conductivity. In addition to volume and surface 
conductivity terras he introduced another term taking into 
account the effect of capillary condensation» 
His experimental results tend to be more informative 
than those of the earlier workers« He has results showing 
the variation of conductivity with particle size, for 
different temperatures and humidities. He also compsred the 
conductivities of sods glass and marble in both the solid and 
particulate state for different temperatures and relative 
humidities« 
Measuring Techniques. 
There are two basic techniques used to 
measure the resistivity of particulate solids« The first 
method is to compact the particles between two parallel plates 
and measure the voltage current characteristic. The second 
method makes use of a metal plate electrode and a point 
discharge electrode mounted directly above it» The particles 
may be either placed or precipitated on the metal electrode* 
The potential drop across the layer is measured by means of a 
grid or probe placed on the surface of the layer. For both 
methods it is usual to use guard rings to eliminate the effects 
of surface and stray currents« 
It is also possible to classify the resistivity 
measurements according to the condition under which it is 
desired to make the measurements« There are three class-
ifications: 
(i) Bulk resistivity measurements« These are 
conducted in the laboratory with the conditions adjusted 
so as to eliminate any surface conduction over the particles• 
(ii) Environmental measurements. These are also 
conducted in the laboratory with the environment varied so 
that at least some conduction takes place over the particle 
surface (11)» 
(iii) In-situ measurements* These measurements 
are made with the particles in contact with the actual flue 
gas which will pass through the precipitator. In general, 
a sample of the particle laden gas is extracted from the 
main flue and passed through the resistivity measuring 
apparatus. The White and Anderson apparatus(16), which has 
been adopted by the Air Pollution Control Association of 
America as a standard (17), comprises a needle electrode 
suspended above a metal plate. The particles are precipit-
ated onto the plate and then a second metal plate is lowered 
onto the surface to make the resistivity measurement. Isahaya 
and Echizenya(18) have developed a refinement in which a 
probe is lowered onto the surface of the precipitated layer. 
Cohen and Dickinson(19) collected the particles with a 
mechanical cyclone and then dropped the particles into a 
o 
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measuring chamber* One of the l imitat ions of these methods 
i s that they do not always c o l l e c t a representative sample 
of the suspended p a r t i c l e s . Since the chemical composition 
of the p a r t i c l e s tends to vary with par t i c l e s ize , th i s may 
introduce errors into the r e s i s t i v i t y measurement« 
The author, with Tassicker & Herceg(20)(21), has 
overcome th is problem by using a small prec ip i tator o f high 
e f f i c i e n c y to do the c o l l e c t i n g » This apparatus also has 
the advantage of making voltage-corona current, sparkover 
vo l tage , and e f f i c i e n c y measurements^ These can be related 
to f u l l scale prec ip i tator performance» 
Eishold(22) has devised an or ig ina l apparatus which 
i s placed in the main gas f low and the p a r t i c l e s are 
prec ip i tated into the space between the measuring plates» 
CHAPTER 2 .0 
T H E O R Y O P C O N T A C T S 
2.1 Introduction. 
The mechanism of c\irrent conduction through a particulate 
solid is determined to a large extent by the electrical characteristics 
of the points of contact between individual particles. As the current 
flows froft one point to another, it is constricted by gecxnetrical 
considerations to flow throiigh the relatively small area of the 
contact point. Because of this constriction, the current density 
in the region of the contact is high and this results in the 
establishment of high electric fields in the particle itself and in 
the air gap between adjacent particles. 
In order to obtain analytical expressions for the resistance 
of the contacts and for the magnitude of the electric fields, it is 
necessary, in the first instance, to consider an idealized contact. 
In this chapter the idealized contact is analysed. After considering 
a number of approximate solutions for the contact resistance and 
electric field, the approach used by Holm for calculating contact 
resistance is selected as the one most suitable for the purpose of 
this thesis. It is shown that for this idealized contact, very high 
electric fields may exist in the region of the point of contact. 
Because of the magnitude of these electric fields, some 
of the basic assiamptions made for this idealized model do not apply 
to real contacts. The effect of the electric field on the resistivity 
of the particulate material and on the temperatiire rise due to losses 
is discussed in Chapter 3. Its effect on the electrical characteristics 
of the particle contacts is detailed in Chapters 5 and 6. 
91 JL 
2.2 Constriction Hesistanoe« 
2.2.1 Basic Assumptions. 
The calculation of the constriction 
resistance of contacts between two surfaces has been widely 
investigated and well summarised in books by Jones(23), 
¥indred(24) and Holm(25)^ For the purpose of this thesis 
however, it is necessary to extend their work. The main 
reasons for doing this are: 
(a) These investigators have been mainly concerned 
with the characteristics of contacts between two metallic 
components, whereas in this thesis, the main interest is in 
the contacts in which at least one component is an insulator» 
l A / h e n this occurs, high electric fields may be generated in 
the region around the contacts thus causing char^ges in their 
electrical characteristics* 
(b) Ko solution has been obtained for the 
constriction resistance of two spherical particles in 
contact or of a spherical particle in contact with a plane. 
Although no simple analytical solution has been 
found for the exact constriction resistance of two spheres 
in contact, it has been possible to obtain solutions based 
on three different approximations« 
The basic assumptions which are common to all 
three approximate solutions are listed below; 
ry M 
( i ) The conductivity of the material i s 
independent of the electric f i e l d » 
( i i ) !Phe material is homogenous, 
( i i i ) No conduction takes place over the surface of 
the partic le . 
( iv ) The contact i s ohmic. 
(v) There is no build up of space charge, depletion 
of mobile carriers or any charge transfer across 
the air gap« 
(v i ) The particles are spherical with perfectly 
smooth surfaces« 
( v i i ) There is no heating at the contacts points« 
2 . 2 H o l m ' s Equation« 
One appr oximation which may be made, is 
to assume that the radius of the contact circle is very small 
compared with the radius of the particle* In this case, i t 
is a reasonable approximation to assume that the surface of 
contact and that of the adjacent surface of the particle are 
a l l in the one plane« Under these conditions, the problem 
reduces to the consideration of the pattern of current flow 
through a contact point of a semi inf inite body. The 
mathematical solution of Laplaces Equation for this geometry 
is given in standard text books« 
Holm (25), in his work on metallic contacts 
developes an expression for the effective resistance of 
point contacts between paral le l plates. So as to generalise 
the expression he assumed an e l l ipt ic point of contact with 
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(The above two figures are reproduced from Reference 25 ) 
the semi-axes ô  andjS . It may be shown that the equi-
potential surfaces in the so l id are semi-el l ipsoids with 
the equation; 
^ ^ 
H- « 1,0 
+ H ^ + \i la 
"Where ^ i s a parameter and the e l l ipse axes 
coincide with the direction of x and y . The height of a 
semi-el l ipsoid normal to the x-y plane i s and i t s axis 
in the X direct ion i s Jd.̂ -iryj 
The constr ict ion resistance from the plane of 
contact to the equi-potential surfacejJ i s , 
R 
dn 
wherep i s the r e s i s t i v i t y of the material« • 
I f the area of contact i s c ircular instead of 
e l l i p i c , »p^a, the radius of the contact, then the 
resistance to the equi-potential surfacejJ i s , 
Rw B tan 2.1 
^ 2 TT a ^ 
By le t t ing the value ofyt/ st>0, the total cons tr i c t -
ion resistance of the contact can be determined« Hence the 
resistance i s : 
R « P / â 2,2 
Figure 2.1 shows the current flow and equipotential 
surfaces. 
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This equation gives the effective resistance of 
the contact between a particle and a flat metal surface. 
It assumes that the constriction resistance of the metal 
electrode is negligible compared with that of the particle« 
The total effective resistance of a particle i s 
twice that given by Equation 2 . 2 and is , 
R = P / 2a 2 . 3 
This also gives the total contact resistance 
between two particles. 
For the elliptic contact, it may be shown that the 
current density is given by; 
J ( x , y ) 
2 TT iX P J 1 - (x/a)^ - (y/P)^ 
For a circular conducting surface this reduces to 
the form, 
J(r) = ^ 2 . 4 
2 TT a/ â  - r^ 
The influence of the elliptic shape of the contact 
area on the constriction resistance can be determined by 
letting oi m ^ a and $ - a/^j , where li is a measure of the 
ovalness of the elliptic contact« The area of the elliptic 
contact with ordinates ô  and (S is the same as the circular 
area with radius «a ' . The resistance of an elliptic contact 
may be written in the form. 
o r -b 
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The var iat ion of the shape fac tor f ( i ( ) with the 
ovalness of the e l l i p s e i s given in Figure 
2^2.3 Smyth^s Equation. 
SD3yth(26) has developed an equation f o r 
the vol tage d is tr ibut ion in a sphere when the current enters 
at one pole and leaves at the other» See Figure 2.3• The 
voltage i s given by. 
V p I 2 IT R ^ 1 
— ln{ R ( 1 cosdo)) P 1 
0.5 
JL. ln( R ( H - cosP^)) R P 2 
0.5 
Since th is equation assumes the Legendre Function 
Pv^CcosB)- Pn Cl) i ^^ gives i n f i n i t e values f o r the potent ia l 
at the e l e c t rodes . Hence the equation cannot be used in this 
form to evaluate the resistance between the e lec t rodes . 
As the point P approaches the e lectrodes , the 
equipotential surface becomes a honispherical surface with a 
magnitude of v o l t s . I f i t i s assumed that the 
contact forms a s o l i d conducting hemisphere of radius R^, 
the res istance of one half of the par t i c l e i s given by the 
re la t ionsh ip . 
R = p / 27r R^ 2 .6 
The effective pesistance of a particle is twice 
the value given by Equation 2 . 6 , 
2 . 2 E q u i p © t e n t i a l Cap. 
Assume that the area of contact between 
adjacent particles follows the surface of the sphere and 
that these contact areas are at opposite poles, as shown in 
Figure 2 . 4 . 
If the spherical co-ordinate system is used, the 
general solution of Laplaces Equation is of the form; 
0 = ^ An x^ Pn( cos0 ) 2.7 
n so 
Because of the symmetry, the equatorial plane may 
be taken as zero potential and only odd harmonics can ^ p e a r 
in the expansion. 
The boundary conditions are; 
At X = p = ^ except over area S 
O X 
0 = V over area S 
= p J(m.) over area S 
Where = cos0 
The current distribution over the area S must be 
i>9 
regarded as being unknown at this stage« If the first two 
boundary conditions are given, then by the Uniqueness Theorem, 
the current distribution over the area of the contact can only 
have one form. Weber's (27) assmption of a constant current 
density cannot be correct• 
Differentiating the potential 0, 
^ ^ = An nx^"^ Pn(cose) 
where n is odd« 
Multiply both sides by Pn{cosQ), put x r p and 
integrate between limits of -1 and 1« 
Since the equatorial plane is taken as zero 
potential, integrate between 0 and 1« 
Since 0 f o r • 0 tOyU mJJi 
I 
p J(n) Pn(n) = An (n/(2n -h l)) 
/ 
Hence An = ^^ ̂  ^ / p J(^) Pn(n) d|i 2.8 
The potential at any point is found by substituting 
Equation 2«8 in Equation 2.7« 
0 ^ p p (x/p)^ 
r nsioO .. i 
X (2nrl)/n J^iv^) ̂ «(l̂ ) du 
At e s 0, PniyC/) • ! • The voltage di f ference 
between A and 6 i s given bj, 
I 
V = PP 2 (2n+l)/n / j(|i) Pn(l̂ ) <m 2.9 
The e f f e c t i v e resistance of one half of the 
sphere i s given by, 
R = V / l = V / / j ( | i ) d s 2.10 
No simple exp l i c i t expression can be found f o r 
equation 2^10^ A numerical solution was found f o r a contact 
angle of two degrees» The technique used was to assume some 
distr ibution f o r the current over the contact surface and 
then use equation 2.9 to calculate the voltage distribution 
around the surface. I f the calculated potential i s constant 
over the surface of the cap, then the assumed current 
distr ibution i s the correct one. In order f o r the Legendre 
Functions to converge, i t i s necessary to generate harmonics 
up to the order of 200» This makes computing on the IBM 1620 
rather slow. 
Other than producing one sample calculation, th is 
method was not persued as i t had limited usefulness. 
2.2»5 Conclusions 
Of the three approximate methods considered 
f o r calculating the constr ict ion resistance of two spheres in 
J -1 
contact , the l a t t e r two were re jec ted« 
One of the main requirements of the method adopted 
i s that e x p l i c i t expressions must be available so that the 
e l e c t r i c f i e l d strength may be ca l cu lated . On th is basis the 
equipotential cap approximation i s unsatis factory» Of the 
other two approximations, the assumptions leading to the 
Holm equation give a f i e l d pattern much c l o ser to the actual 
one than i s given by the Smyth equation. In the l a t t e r case, 
the f i n a l equation 2,6 implies that the contact forms a s o l i d 
conducting hemisphere of radius R-̂ . Hence the Holm equation 
i s used f o r further ca lculat ions» 
2 .3 Area of Contact. 
2 .3»1 Hertz Equation. 
The deformation which determines the load 
bearing area, i s usually e l a s t i c up to pressure l i m i t s in the 
order of the hardness of the material , but f o r greater 
pressures p l a s t i c f low commences. 
I f two l i k e spheres, each of radius p, are compressed 
by a f o r c e Pc d irected along the ir l i n e of centres, then with 
in the l i m i t s of e l a s t i c deformation, the theory due t o Hertz 
(28) predic ts a plane c i r cu lar contact of radius »a*. 
2 
W 
3(1-^ P^) Fop 2.11 
Where s Pols sons ratio. 
Y z Youngs modulus» 
The normal pressure on the contact area is given by; 
3 Fc , p 
2 2T er 
X s radial distance from centre of the 
contact circle. 
The relative approach of the spheres is given by; 
2 / 3 
3(1 - v2) Fc 
k Yjv 
The basic assumptions implied by the Hertz equation 
are; 
(i) Dimensions of the contact area are small compared 
with the radii of the spheres, 
(ii) Warping of the surface of contact is negligible. 
(iii) Tangential components of the traction across the 
contacts are negligible. 
2.3.2 Effective Electrical Contact Area« 
The actual electrical contact area is not 
necessarily the same as the area calculated from the Hertz 
equation. In the case of contacts between metal surfaces, the 
actual physical contact occurs as a number of clusters of 
miorocontactSo Their position is determined by the flatness 
of the surfaces and their sizes by the microscopic surface 
roughness• I f this i s true f o r nominally smooth surfaces, 
i t wi l l also be true f o r the contact surfaces between two 
part ic les« 
I f the microcontacts are assumed to be c ircular 
and at a su f f i c i ent distance from one another so that their 
potential f i e l d s do not interfere , the e f f e c t i v e resistance 
of the contact i s given by; 
Ra ^ 2.12 
Where ai i s the radius of any single contact« 
I f the microcontacts are close enough to influence 
one another, then the above equation is not va l id . Holm (25) 
has shown that f o r a uni fom distribution of the microcontacts, 
which are of c ircular shape, the e f f e c t ive resistance i s ; 
Ra « ^ " ^ TS- 2.13 2Tr n b b Aa 4a 
liihere n s the number of microcontacts, 
b s the radius of microcontacts, 
1 s average distance between centres, 
Aa s apparent contact area. 
areenwood(29) quotes an alternative formula used 
by Holm in his more inaccessible publications« In the simplest 
case where there are a large number of anall equal contacts 
distributed uniformly over a c i rcular area the e f f ec t ive 
resistance i s ; 
S /O (V^nb - l/2a) 
Where b • radius of the miorocontact 
a s radius of the cluster. 
Greenwood has shown that the effective resistance 
may be regarded as the sum of the parallel resistances of the 
microcontacts and an interaction term often related to the 
extent of the cluster but independent of the number and size 
of the individual contacts* 
2.4 Electric Field Strength. 
2.4.1 Introduction• 
It has already been pointed out that 
because of the high density of current in the region of the 
contact points and the magnitude of the resistivity, very 
high electric fields are generated in the particle itself 
and across the airgap between adjacent surfaces* It is 
necessary to find expressions for these electric fields and 
to calculate their magnitudes in order that their effect on 
the conduction mechanisrai in this region may be determined« 
If it is assumed that the particles are all of one 
size and are packed to form a simple cubic array as shown in 
Figure 7«If and subjected to a constant voltage gradient of 
E^y v/m, the voltage gcross each particle is given by, 
V = E 2p 2.14 p av 
This is the total voltage across the particle, the voltage 
3 J 
drop across one side of the contact is therefore Ê ^̂ p volts. 
If it is assumed that the material is homogeneous 
and of constant conductivity, the current flow pattern, as 
determined by Holm's equation, is the same shape irrespective 
of the applied voltage and the diameter of the contact circle« 
It is shown in Appendix III that the strength of the electric 
field at any given point in the pattern is proportional to the 
voltage across the contact and inversely proportional to the 
radius of the contact circle. Hence, 
E - K V/a 2,15 P 
By substituting Equation 2.14 in 2.15, this may be 
related to the average applied field across a compacted layer 
of particles» 
Ep = KE^^(p/a) 
= K FM 
Where M « V/a « E „(p/a) « V /2a.. 2.16 av p 
Hence the electric field strength in the particle 
itself is proportional to the Field Magnitude (PM) factor. 
Table 2.1 shows the voltage across different 
sizes of particles when subjected to average voltage gradients 
from 10^ to 10^ v/m. Since the average breakdown voltage 
across a compacted layer of particles is approximately that 
of air, an Ê ^̂  of lO^v/m is taken as the maximum value. 
TABLE 2 a 
VOLTAGE ACROSS PARTICLES 
FOR SIMPLE CUBIC ARRAY 
1 
Eav 
Voltage across particle 
Volts 
v/m p a 10// p « 1 mm p « 1 cm 
0^2 20 200 
10® 2,0 200 2,000 
10^ 20^0 2,000 20,000 
Table 2.2 sets out the »FM» factors f o r d i f ferent 
values of average applied e l ec t r i c f i e l d and p/a rat ios f o r 
a simple cubic array» For other regular arrays, th is must 
be multiplied by the re lat ive magnitude factor (RFM) constant 
as given in Table 7.2. 
TABLE 2.2 
FIELD MAGiilTUDE FACTORS FOR 
SIMPLE CUBIC ARRAY 
PA 
'FM' Mv/m 
E^^ • 10^ v/m E^v « 10^ v/m E^y m 10^ v/m 
50 •5 5 60 1 
100 1 10 100 1 
i 
500 5 
i 
! 50 
! 
500 
1,000 10 ! 100 
i 
I 
1,000 
o ri 
ó Ü 
In the following Sections, the actual field 
strengths at fixed points in the field pattern are calculated 
for different values of 'PM», This value is given by Table 
2.2 but may be modified if necessary, by the B m constant 
so as to take into account other modes of compaction. 
2 . 4 . 2 . Internal Electric Fields. 
In order to determine the possible effects 
of the electric fields around the contact points, it is 
desirable to obtain some numerical values* 
(a) Field Strength Along Axis. 
The potential along the axis perpendicular 
to the plane of the contact circle and passing through its 
centre, is given by equation 2«1. The distance along the 
z axis is . The electric field is obtained by different-
iating the expression for the potential with respect to . 
I P a 
E 2 . I T 
2ir a (a^ ) 
If the distance along this axis is expressed as a 
fraction of the radius of the contact circle a, a more general 
expression for the electric field may be found. 
Let J^ s ma 
henceJJ a m^a^ 2.18 
Since I^ /2a is the voltage drop across a particle, 
this must also equal Substituting this and 2»18 in 
equation 2 .17, the electric field at any point ma along the 
perpendicular axis i s ; 
£ 
ir 
2 
E p av 
a (1 + m̂ ) 
( FM ) 
TT f l + m̂ ) 
2.19 
Table 2.3 gives some typical values of e l ec t r i c f i e l d 
strength f o r d i f ferent values of FM. 
(b) Field Strengths Along Contact Surface. 
Prom equation 2.4 the current density along 
the contact surface i s given by; 
I 
27r a y â  - r^ 
Let r s ma, where m<l# 
The e l e c t r i c f i e l d at any point along th is surface 
i s . 
P I 
E P J 
2rr a^yi - m^ 
a ir 
2/ir ( FM ) 
J s/1 - m̂  
1 
y i - m̂  
2.20 
The direct ion of this e lec tr i c f i e l d wi l l be 
perpendicular to the contact surface. Table 2.4 gives some 
typica l values of the magnitude of the f i e l d strength f o r 
d i f f erent values of FM. 
TABLE 2^3 
ELECTRIC FIELD STRENGTH ALONG AXIS PERPENDICULAR 
TO PLANE OP CONTACT 
FM 
Mv/m 
Local Field 
Mv/m 
M s 0«0 0.5 1.0 1 2.0 ! 5.0 
1.0 
] 
.638 
i 
.510 .319 .127 a025 
10.0 6.38 5.10 3 a 9 1.27 .25 
100^0 63.8 51.0 
i ; 
! 31.9 ! 12.7 2.5 
1,000.0 638. 
i i 
1 510. 
j 
319. 127. 25. 
TABLE 2,4 
ELECTRIC FIELD STRENGTH ALONG SURFACE 
OF CONTACT 
PM 
Local Fields 1 
Mv/m 
1 
Mv/m m 9 O.O0 
! 
1 
i 
0.90 0.96 0»98 1.00 
• 638 lo47 ! 1 2.26 i 3^19 oO i ! 
10 •0 6.38 14.7 i 22.6 i ; 31^9 ; oO 1 
100^0 63.8 147. 
1 
226.̂  319. 
i 
i 1 
1 o Q 
1,000.0 638. 1470. 2260. 1 3190. oO 
(c ) Field Strength Along External Surface 
The general expression f o r the potential of 
the f i e l d in the so l id i s given by equation 2.4» The distance 
X along th is surface i s . 
/ X = / â  + x̂ 
hence /V^ = J ^ " ^ 
Substituting this in equation 2^4, the potential 
along this surface may be written. 
p " 2,22 , X -0 ss ^ tan 
2Tr a a 
The e lec t r i c f i e l d i s found by di f ferentiat ing this 
with respect to x . By let t ing x s ma, the following expressions 
may be found, 
I P E 
2, a W m y m̂  - 1 
1 
(2/'r)( S^^ p/a) 
m / m̂  - i 
1 
(2/11)( FM ) • ,- 2.25 
ra / m̂  - 1 
I f the surface i s a true flow l ine , the direction 
of this f i e l d wi l l be acting along the surface« Some typical 
values of the e l e c t r i c f i e l d f o r d i f ferent values of M are 
given in Table 2»5 
TABLE 2.5 
ELECTRIC FIELD STRENGTH ALONG THE 
EXTERNAL PARTICLE SURFACE 
d 3 
FM 
Mv/m 
m s 1^0 
Local fields 
Mv/m 
1.1 1.5 2.0 5.0 
1.0 
10.0 
lOOoO 
1, 000.0 
OÒ 
OÒ 
oO 
oc 
1.2é 
12.4 
124.0 
1240^0 
0.38 
3 «8 
38 oO 
380.0 
.185 
1»85 
18.5 
185.0 
0o026 
0.26 
2.6 
26.0 

FIGURE 2.5 DinENSIOMS AT THE CONTACT POINT OF A 
SPHERE AND A PLANE 
2.4.3 Electric Fields Between Particles, 
The electric field between the surfaces of 
two particle s will depend on the voltage difference between 
corresponding points on the two surfaces and the distance 
between them. 
Consider the case of a sphere in Figure 2.5 touching 
the plane at point 0. 
The equation of the great circle is; 
x^ = 2p y - y^ 
Solving for j; 
y = P ± P (1 - (x/p)̂  
E3q)anding the term in the bracket by means of the 
Binomial Theorem, 
y = x2/2p + xV8p^ + 3x7^^8x2 + ..., 
If only small distances from the origin 0 are 
considered, the higher powers of x may be neglected. 
y = x^/2p 2,24 
When the two particles are compressed together, 
elastic deformation takes place at the point of contact• 
If the radius of the contact circle is »a*, the distance 
g 
the initial point of contact is depressed is a /2p« If the 
distance along the x axis is expressed as a multiple of the 
radius of the contact, than y is given by; 
y = (ma)2 / 2p 
and the actual height of the surface of the sphere from the 
plane containing the area of contact is; 
y = y - a2/ 2p 
( a^/ap )( m^ - 1 ) 2.25 
Table gives some typical values for y'. 
The potential at a distance x along the outside 
surface of the particle with respect to that at the contact 
surface is given by equation 2.22^ If the distance is 
expressed as a multiple of the contact radius, the potential 
is given by; 
I p ! 
0 = tan'^ JrtF - 1 
27r a 
This voltage may be expressed as a perunit value of 
the total voltage drop in one half of the particle^ 
= I p / 4a 
( 2/7r ) tan-^ Jr^ - 1 
TABLE 2.6 
SOME a?yPICAL AIR GAP DISTAHCES 
m 
Gap Distance 
Microns 
p u 10 Microns p s 1«0 cm 
100 1 .25 
100 1 .50 
100 2 .00 
100 3 .00 
100 4 .00 
100 5 .00 
100 10 .00 
•00056 
.00063 
.00150 
.00400 
•00750 
•01200 
.04500 
0^56 
0.63 
1.50 
4.00 
7.50 
12.00 
45.00 
p. 
The electric field in the aipgap at some point 
along this axis is given approximately by the voltage 
difference between the two surfaces at that point divided 
by the vertical distance between them. This assumes that 
the flow lines are straight and are perpendicular to the 
plane of the contact area# In practice, they follow slightly 
curved paths but this approximation is reasonable considering 
the approximation involved in using Holm's equation and the 
accuracy of the experimental techniques» Hence the electric 
field in the air gap is. 
1 
g 
2p E V 
^ av pu 
2p/ TT ) tan-^y m̂  - 1 
(aV2p) ( m̂  - 1 ) 
a 
P 
a 
k tan'̂ Jm^ - 1 
IT ( m̂  - H 
2.27 
In this case the field strength depends not only 
on the 'PM' factor but also on the ratio of »p» to ' a ' . 
Table 2.7 gives some typical numerical values for the air gap 
field strength for different values of FM and p/a» 
TABLE 2.7 
ELECTRIC FIELD STRENGTH IN AIR GAPS 
BETWEEN PARTICLES 
FM 
Mv/m 
m 
Local field 
10® v/m 
j p/a > 100 p/a - 1000 
1.25 1.460 ! i 14.60 
l.b .860 8.60 
2.0 .440 4.40 
3.0 .195 1.95 
4.0 .112 1.12 
5.0 .073 •73 I 
10.0 .019 i .19 
1^25 1 14.60 146,0 i 
1^5 
1 
1 8.60 i i 
86.0 
2o0 4.40 44.0 
3.0 1.95 i 19.5 
4.0 1,12 11.2 
5.0 .75 7.3 
10^0 .19 1 
1.25 146.0 i 1460.0 
1.5 86.0 860.0 
2.0 44.0 440.0 
3.0 19.5 195.0 
4.0 1 11.2 112.0 
5.0 7.3 73.0 
10.0 1.9 19.0 
10 
100 
CHAPTER 3 . 0 
B U L K G H A R A C T E R 1 S T I C S 
3.1 Introduction• 
One of the important preliminary steps in 
this study is to determine t3ae current conduction mechanism 
and some of the experimental constants of the materials to 
be used in the particulate form* 
Because of the many complex processes taking place 
in dielectrics and the nature of their interactions with one 
another, the conduction of current through this type of 
material is a complicated anà little understood phenomenon» 
Many diverse theories have been proposed to explain the 
variety of effects observed with this material, but no general 
theory has been developed. In the case of glass, a theory 
for ionic conduction has been developed which will account 
for the general shape of the experimental results» Electronic 
conduction in glass has been observed although no clear theory 
has been developed* 
In this chapter the theory of ionic and electronic 
conduction in insulators, and particularly glass, is reviewed 
and theoretical relationships are established for conduction 
in both low and high electric fields» The existence of 
absorption current in glass is reviewed and the relationship 
between the electric field, resistivity and temperature rise 
due to internal heating is determined» 
Experiments are carried out to determine the 
activation energy of the silica and borosilicate glass samples 
and the deviation of their resistivities with electric field» 
Prom the borosilicate glass results, some numerical values 
of the ion jump distances and density of mobile ions are 
determined. 
The results of this chapter will be used in 
subsequent ones to explain the characteristics of contacts 
and finally the conduction characteristics of particulate 
solids» 
3.2 Ionic Conduction. 
Structure of glass. 
The structure of glass has been subject to 
very thorough investigation and a number of good accounts are 
available (30)(31)(33). For the purpose of this thesis it 
will be necessary to give a brief summary of the modern 
structural theory so that some explanation may be given to 
account for the electrical phenomenon observed in the 
experimental work# 
Glass has been defined by the American Society of 
Testing Materials as 'an inorganic product of fusion which 
has been cooled to a rigid condition without crystallizing', 
or according to Carman (32), 'a liquid which is supercooled 
till its viscosity is high enough to make it behave as an 
amorphous solid» • There is a group of substances which are 
capable of doing this of which the most outstanding are 
SlO^, BgOg, and PgOg. They are generally referred to as 
the network formers* These substances can take a limited 
amount of basic oxides as Na20, KgO, CaO, PbO into solution 
and also some f luorides without losing their vitreous form 
although some of their properties may be modified« These 
additives are referred to as network modifiers* 
The most generally accepted theory for the structure 
of glass was f i r s t put forward by Zachariasen(33) and later 
confirmed by Warren»s(24) X-ray studies. Their random 
network theory assumes that the manner in which the atoms 
and ions are ordered in the vitreous state i s the same as 
the crystall ine state in the short range order, but in the 
long range order the la t t i c e does not exhibit any general 
symmetry as i t would in the crystall ine state* 
Vitreous s i l i ca for example, comprises SiO^ 
tetrahedra linked through the ion to an adjacent SiO^ 
tetrahedra to form a three dimensional network without 
regularity of a crystall ine structure or latt ice* Warren's 
work showed that the Oxygen atoms are at a distance of 
1*62 A and each s i l icon i s separated from four others by an 
o 
average distance of 3*2 A* Kone of the commercially avail-
able forms of vitreous s i l i ca has the exact structure postu-
lated by the Zachariasen-Warren model. Infra-red adsorption 
and fluorescence under ultraviolet radiation studies indicate 
the presence of OH" ions and electron pairs in place of some 
of the 0^* ions* In areas where this takes place, the 
tetrahedra must be described by; 
SiOg- X(0H)2x or SiOg- x(e)x 
Weyl and Marbor(30) have pointed out that »it is well 
established that all large optically clear crystals do 
contain a fine amount of Al̂ ^ , Li^, and Na"̂  ions in addition 
to protons*• These impurities probably exist in commercial 
silica. 
Commercial silica glasses are made from SiO^ to 
which is added one or more fluxes which modify the properties 
of the glass^ These fluxes may comprise the easily fusible 
glass forming oxides themselves as for example BgO^, the 
fluorides as NaF etc^ or the basic oxides NagO, CaO, etc. 
Many of the commercial glasses have a number of these extra 
components# Borosilicate glass (Pyrex) uses BgOg as an 
additional network former to that of Si04 and Na20 and KgO 
as network modifiers» A typical composition for borosilicate 
glass is given in Table 3«1. 
The addition of the network former B2O3 changes the 
network structure, the oxygen ion links the BgOg triangles 
to the Si04 tetrahedra, (B-O-Si) as well as linking similar 
polyhedras (Si-O-Si and B-O-B). The addition of the basic 
oxides HagO acts as a network modifier flux. The oxygen 
ion of NagO attaches itself to the silicon or boron ion and 
the sodium ion is then free# These cations fit into the voids 
in the network structure and can be easily moved. The basic 
action can be described by the equation; 
Si-O-Si NagO Si-0̂ 4- 2Na "O-Si-
TABLE 3^1 
A TYPICAL COMPOSITION OP 
BOROSILIGATE GLASS 
DD 
Conduction* 
The volume conduc t ion i n g l a s s i s due t o 
t h e network modi fy ing i o n s moving f rom one i n t e r s t i c e t o 
a n o t h e r . Grenerally, only t h e monovalent i o n s K"*" and Na^ 
make a marked c o n t r i b u t i o n t o t he conduct ion* These i o n s 
a r e r e l a t i v e l y smal l and have a small charge so a r e ab le t o 
jump e a s i l y t h rough the network* In the p resence of an 
e l e c t r i c f i e l d t he c a t i o n s move towards the ca thode and t h e 
nonbr idg ing oxygen d e f e c t s move towards t h e anode. 
The model, which i s g e n e r a l l y accep ted t o e x p l a i n 
t h e i o n i c conduc t ion i n g l a s s , comprises t h e s e l o o s e l y bound 
i o n s undergoing thermal v i b r a t i o n i n a p o t e n t i a l wel l* 
These have a f i n i t e p r o b a b i l i t y of surmounting t h e p o t e n t i a l 
b a r r i e r and moving i n t o an a d j a c e n t w e l l . The p r o b a b i l i t y 
of an i o n making t h i s jump i s g iven by Bol tzmann 's Equa t i on . 
p = . b € 3.1 
b • v i b r a t i o n of i o n i n t h e we l l 
k s 5oltzmann*s c o n s t a n t 
0 m t he p o t e n t i a l b a r r i e r . 
On t h e a p p l i c a t i o n of an e l e c t r i c f i e l d , t h e energy b a r r i e r 
l e v e l s a r e d i s t o r t e d and lowered i n one d i r e c t i o n and i n c r e a s e d 
i n t he o t h e r . This i n c r e a s e s t he p r o b a b i l i t y of a ne t ion 
movement i n t he d i r e c t i o n of t h e e l e c t r i c f i e l d and causes a 
c u r r e n t t o f low* 
Although the model had been used before to explain 
conduction in ionic crystals, it was Stevels(3l) who most 
suocessfully applied it to glass^ He considers an arbitary 
direction 0 with the direction of the electric field E and 
shows that the barrier is altered by 
^ e S • cose 3.2 2 
and calculates the probability of a mobile ion jumping in 
that direction, ^y finding an expression for ttie incremental 
current and then integrating, he arrives at an expression for 
the resistivity. 
0wen(36) arrives at effectively the same result by 
assuming the ions move in one dimension parallel to the 
X axis. 
The following analysis accepts Owen's approximation 
but arrives at his result following a slightly different 
argument • 
Let N m number of possible mobile ions per m^. 
The number of ions per second with sufficient 
thermal energy to jump the adjacent energy barrier and move 
to a neighbouring potential well X meters away, is given 
by Boltzmann's Equation; 
n . N b e 
If an electric field E is applied then the energy 
levels between adjacent wells is altered by^ 
e E A 
The number of ions in the positive direction is 
1 -(0 - i e E X)/kT « ^ N b 6 ^^ 2 
and in the opposite direction 
Hence the net flow of ions is given bj; 
n.) 
N be e E X/ 2kT . -e E X/2kT 
N b € sinh( e E X/ 2k T) 5-5 
The current density is given by; 
e X n 
-0/kT . ̂  e X E e X N b € ' sinh - g T ^ 
e X , -0/kT e j g L 2kT 
E € 0/kT 
e X N b sinh e X E 2kT 
^ k 
s R KJ 
For the purpose of making certain approximationa, 
it is desirable to expand the hyp^bolic function. 
2 k T € 0/kT 
e^ X̂  N b 1 1 f eXE \ ^ ̂  sAsrJ 
a 
4- 120 2kT 7 -J 
• • • • • • • 3.5 
It is convenient at this stage to simplify this 
expression by considering three special cases, 
(i) Low Electric Fields. 
If the applied electric field is small, then all 
but the first term of the series expansion of the l^pobolic 
function may be neglected. The resistivity then becomes; 
p ss 2 k T î /kT "^WTh 3.6 
This is the same result as obtained by Stevels if 
is assumed to be numerically equal to 5 as he has done, 
(ii) Medium Electric Fields. 
For values of E where the resistivity is just 
starting to be a function of the electric field, the second 
term of the series cannot be ignored. 
2 k T 
e^X^Wo 
1 - 1 f e^E \ 2kT 
,i2/kT 3.7 
5 O 
(ill ) High Electric Fields. 
r 
For high values of electric fields, the hypebolic 
function approximates to 
E 0/kT -e)0E/2kT 
P = e A N b ^ ^ 
For a given temperature this reduces to 
p = A E € ® 3.8 
There is a group of investigators who have used 
slightly different models to represent the energy barrier. 
Maurer(36) uses two energy barrier terms; W, the work done 
to move an ion from a normal position to an interstice 
position and U, the potential barrier in the interstitial 
space due to the repulsive forces between the free ions and 
the fixed ions» By taking into account the effect of the 
applied field on the potential barrier XJ, it can be easily 
shown that the resistivity is given by the expression, 
^ ^ r k T ^ ( 0 . 5 W + U ) / k T 
Charles (37) also found it necessary to modify 
Stevels model in order to account for orientation polarization 
and d .c . conductivity in glass^ The alkali ion in the silica 
network is considered to spend most of its time ionic ally 
associated with a nonbridging oxygen ion. The model postu-
lates the existence of a number of equivalent positions of 
stability around each nonbridging oxygen atom. Each of these 
equivalent positions are separated by energy barriers^ Hence 
if W^ and U^ are tb© absolute zero energies of fomation and 
migration of the defects, then 
p « p^ ^ (0.5WO + . U O ) A T 
Muray{38), using the results of Charles, introduces 
e0 as the dissociation energy, and e^ as the energy barrier 
of the main lattice work» He arrives at an expression for the 
resistivity, 
p ^ ^ )e /kT 
b 
All these theoretical formulae agree in general 
with the Rash and Henrichsens empirical law. 
p = A € 3.12 
Electronic Conduction. 
3 •3 .1 Intro due ti on. 
The general problem of electron conduct 
ion in insulators has not been as thoroughly investigated as 
electron conduction in semi«conductors or metals. The main 
interest in this has been in the electrical breakdown of 
dielectric materials and more recently in the conduction 
mechanism through thin insulating films. Only a limited 
amount o f work has been carr ied out on the problem of 
e lec tron conduction in glass « 
Before considering the mechanism of e lectron 
conduction in g lass , i t i s desirable to g ive a br ie f s tate -
ment of the theor ies of conduction in insulators . 
3 . 3 C o n d u c t i o n in Insulators . 
Electronic conduction in insulators i s 
usually explained by making use of the Band Theory • The 
model assumes that the forbidden zone between the f i l l e d 
band and the empty band i s in the order of 1 to 5 eV so that 
the trans i t ion of e lectrons from the f i l l e d zone to the 
empty zone requires impossibly high temperatures. In 
prac t i ce , conduction i s observed in insulators and i s o f ten 
re lated to the temperature by the expression, 
p = A e SA 5.15 
To account f o r t h i s , i t i s necessary to explain the existence 
of f r e e mobile e lectrons and to describe how they move 
through the material . 
The presence of f r e e electrons in am insulating 
material may be accounted f o r by assuming the existence of 
imperfection l e v e l s in the forbidden reg ion . These may be 
due to the existence of diss imilar atoms in the l a t t i c e 
work or to d i s locat ions and other de fects» These imperfect-
ions may be of the donor or acceptor type ss in semi-
conductors» Gonduction becomes possible because of one of 
the following reasons: 
(i) The thermal excitation of electrons from the 
impurity levels into the empty zone or due to the electrons 
being excited out of the filled zone into the conduction 
zone by using the imperfection levels as stepping levels 
(39). 
(ii) The thermal excitation of electrons out of 
the impurity levels may also be assisted by the applied 
electric field. The effect of the electric field is to 
lower the height of the potential barrier between the 
trapped electrons and the conduction band and is generally 
referred to as the Pool-Prenkel effect (40). 
(iii) Field ionization. In the case where the 
applied electric field is sufficiently high, electrons may 
tunnel through to the conduction band from these localized 
impurity levels into the conduction band. If this takes 
place from the valence band, it is known as Zener breakdown 
(41). 
(iv) Impurity conduction. This speculates the 
movement of electrons from one impurity level to another 
without being activated into the conduction zone« A necessary 
condition is the existence of both donor and acceptor levels. 
There are two possible mechanisms of electron transfer. The 
electrons may tunnel through the barrier or they may jump 
over the potential barrier (42). 
Onoô the electrons have been excited into the 
conduction band they are not f ree to move through the 
material as easi ly as they do in metals and serai-conductors. 
The mobile electrons wi l l lose energy due to an interaction 
between them and the l a t t i c e work. For fast moving electrons 
i t i s convenient to use the same terminology as i s used in 
sea^i-conductor theory. There are two types of c o l l i s i o n s . 
(a) Lattice Scattering. This i s due to the 
thermal vibration of the atoms in the l a t t i c e work which, 
in the case of insulators would be more complicated than 
f o r semi-conductors, due to the dissimilarity of the atoms 
and the greater variations of potential through the l a t t i c e 
work. I t i s not unreasonable to assume that the mobility 
of the electrons wi l l increase with a decrease in temperature 
in an analogous manner to the way i t occurs in semi-conductors. 
(b) Impurity scattering. This i s due to the 
e lec tros tat i c forces acting on the carriers because of the 
impurity charges. Since the model assumes a high level of 
impurities, this i s expected to be a s ignif icant factor in 
the case of insulators« I f this model i s a reasonable one, 
then from semi-conductor theory i t may be expected that the 
mobility of the electrons wi l l increase with temperature due 
to the increase in their average v e l o c i t y . 
3«5«5 Electron Conduction in G-lass, 
The whole subject of electron conduction 
in glass has not received very much attention, and only a 
few attempts have been made to examine i t experimentally. 
One aspect of this work which has been investigated, 
i s the manufacture of a glass which is essentially electronic 
conducting. This has been achieved through the use of 
transition element oxides, usually in combination with 
modifier oxides of alkali and alkaline earth metals (44)(45)» 
The main interest in this area has been t© determine the 
e f f e c t s of di f ferent combinations of the elements» 
Electron conduction in glass has also been invest i -
gated by the excitation of electrons into the conduction 
state by photoelectric e f f e c t (46), bombarding the surface 
of the glass with a stream of electrons from an electron gun 
(46)(47) and observing the decay of charge placed on the 
surface by making a metal to glass contact (48)» Although 
these techniques are used mainly to obtain an understanding 
of the basic properties of materials, they also demonstrate 
that electron conduction can take place in a glass which 
would normally be ionic conducting« 
In the case of fused s i l i c a , the mechanism of 
conduction i s not very well understood. Doremus(49) has 
suggested that this i s due to alkali and hydroxyl ion move-
ment although he does admit to the possibility of some 
electronic conduction». The work of the author on the time 
dependence of the current with a rod to plane electrode 
6 b 
geometry, indicates that with the sample used in this 
thes is , the conduction mechanism i s essential ly e lec t ron ic . 
In Section i t has been shown that electron pairs and 
various impurities are known to exist in the l a t t i c e work 
which must introduce impurity leve ls into the band structure 
of the s i l i c a . Conduction may take place by any of the 
methods described in the proceeding section. 
3 .3 .4 Conduction in High Electr ic Fields . 
For high applied e l e c t r i c f i e l d s , the 
current increases at a greater rate than the e lec tr i c f i e l d . 
There have been a number of explanations o f fered f o r this 
phenomenon (40) (41) but the one which i s most widely accepted 
and which f i t s the experimental results obtained later in 
this chapter i s that o f fered by Frohlich(43). 
By assuming that the net gain in electron energy 
i s proportional to the square of the e lec t r i c f i e l d strength, 
and by considering the interaction with trapped electrons. 
Fröhlich showed that the r e s i s t i v i t y varies as: 
V Ê  
P = Po ^ 
A V Em̂  
Where V = Potential barrier of the trapped 
electrons• 
AV s Energy barrier of the average excited 
trapped electron. 
Em 9 The intr ins ic e l e c t r i c strength. 
Temperature Rise in High Electric Fields. 
^.h.l Theory. 
One factor which limits the maximum value of the applied 
electric field during resistivity measurements is the temperature rise 
in the bulk of the material due to the Ĵ Ô loss. If it is assmed that 
there is no heat lost from the voltame in which it is generated, then 
an indication of the allowable electric field may be found for a given 
rate of temperature rise. 
Consider a unit volume of the material in a uniform and 
constant electric field S. If there is no heat lost from this 
volume, the temperature rise in time dt is, 
dT = dt 
p MS 
^ = 3.15 
dt p MS 
Where T = temperature, 
M = mass of unit voliime of the material, 
S s= specific heat constant. 
In the case of silica, the dependence of the resistivity on 
temperature and the magnitude of the electric field is given by the 
empirical equations 3-13 and respectively. Substituting these 
in equation 3.15, the rate of temperature rise is, 
^ = 3«16 
^^ MS 
For borosilicate glass, preliminary checks showed that the 
electric field at which a temperature rise of 0.10 per sec. occured 
is below the value at which the electric field affects the resistivity 
of the glass at the given temperature. Hence equation 5«6 is applicable 
and if this is substituted in 5.15> 
^ = ^ 5-lT 
^^ MS A'T€ 
Neither of the equations 5.16 and 3-IT can be solved 
analytically to obtain an expression for the tempertiture as a function 
of time and electric field strength. 
^.k.2 CalcixLations. 
Although it is not possible to obtain general solutions 
for T as a function of E abd t from equations 5»16 and 5.1T> never the 
less, if a given rate of temperature rise is assumed, then a set of 
particular relationships between resistivity, temperature and applied 
electric field may be determined for each sample. 
If a temperature rate of rise of 0.10 per sec. is taken 
as the maximum that can be tolerated, then over a period of 10 seconds 
this would represent a temperature rise of 1.0 ̂ C. At an operating 
temperature of 225 this would correspond to a reduction of 6 
percent in the resistivity. 
Let M = 2.5 X 10® Kg/m? 
S = 1.3^ X 10® J/Kg. 

u 
(D 
U • 
-P 
CO 
u 
CD 
O. 
E 
(D 
300 
200 
100 
Borosilicate 
Glass 
Working 
0.1 1.0 10.0 100.0 
Electric Field Strength Wv/m 
FIGURE 3.1 RELATIONSHIP BETWEEN ELECTRIC FIELD AND TEHPERATURE FOR 
0.1®C/SEC RATE OF TEnPERATURE RISE 
b ' 
Prom equation 3#15 
E = STŜ ONTP 3.19 
By inserting values for the resistivity, the 
electric field which will give this rate of temperature 
rise can be calculated. By making use of the experimental 
results in section and the equations for the variation 
of the resistivity at high electric fields, curves may be 
plotted for silica and borosilicate glass giving the temper-
ature - electric field relationship for the given rate of 
temperature rise# This is shown in Figure 
3«5 Absorption Current• 
3»5#1 Introduction. 
If a step voltage is applied to a dielectric 
material between two metal electrodes, the initial current 
will decay with time to the true conduction current« Part 
of this current transient can be identified with the time 
constant of the circuit but there is usually a component 
which is dependent only on the characteristics of the 
dielectric material itself. This component is called the 
dielectric absorption current. 
One approach to this phenomenon is to explain it 
in terms of dielectric relaxation. According to Lamb (42) 
this "dielectric relaxation may occur due to a time-dependent 
dlpole formation (i.e» separation of positive and negative 
charges), or it may be due to a time dependent re-orientation 
of permanent dipoles already present in the material". The 
work of Sutter and Norwich(50) on NaOl crystals supports 
this interpretation. Joffe(51) on the other hand has 
e^^lained this by means of the space charge polarization 
theory. Muray(38) attributed part of the transient to 
'carrier number' limited flow# A quite different approach 
has been to describe the transient in terms of the absorption 
of electrons into traps in the material(52)• 
The experimental work on the characteristics of 
glass shows that the absorption component of the current 
decreases with increasing electric field strength and 
increasing temperatxire# The results of Vermeer(53) show 
that for temperatures above lOO^C, the absorption current 
vanishes within a few seconds. 
3.5.2 Experimental Results. 
In the experimental work in Section 3.6 
it is shown that, for the temperatures at which the tests 
were carried out, the absorption current for both silica and 
borosilicate glass is of such short time duration that it 
does not affect the résulta and may be neglected» 
7.1 
_Glass Sample 
D.C. Supply 
Guard Ring 
Measuring Ring 
Guard Cylinder 
Insulating Base 
Electrometer 
FIGURE 3.2 SCHEnATIC DIAGRAn OF CONNECTIONS 
3.6 Experiment al • 
3•6.1 Introduction « 
The objective of this section is to 
determine the bulk characteristics of the silica and 
borosilicate glass samples to be used in future experiments. 
Measurements at low electric fields enable the activation 
energies to be determined and those at high electric fields 
show how the resistivity of these samples vary with the 
electric field. This latter characteristic plays an 
important part in the characteristics of particulate solids. 
3.0»2 Measuring Techniques. 
The sample is prepared by metallizing both 
surfaces with Dag Dispersion 915 (Silver in M.I.B.K.) and 
providing a guard ring on one side. The specimen is placed 
in an oven and the measuring circuit connected as shown in 
Figure 3.2. A fully smoothed d.c. voltage is applied to the 
top electrode and the current from the measuring electrode is 
carried by a screened cable and measured by a Keithley 
Electrometer 610B. The guard ring is connected to the screen 
and earthed via the guard terminal on the electrometer. To 
provide additional protection from strgy corona currents at 
high voltage, the measuring ring is surrounded by a guard 
cylinder. 
The specimen was heated to the required temperature 
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FIGURE 3.3 BOROSILICATE GLASS RESISTIVITY-TEnPERATURE CHARACTERISTIC 
and the low electric field voltage-current characteristic 
obtained« This was then plotted and the mean resistance and 
hence the resistivity calculated* This was then repeated for 
other temperatures» 
A set of voltage-current characteristics into the 
high electric field range was also obtained« With boro-
silicate glass the voltage was applied for the minimum time 
necessary to allow measurements to be made. This reduced to 
a minimum the build-up of any space charge at the electrodes. 
The maximum upper voltage that could be applied was limited 
by the internal heating of the glass and this was in close 
agreement with the curve shown in Figure In the case of 
silica, there were no problems with internal heating but the 
maximum applied electric field was limited by the facilities 
available« The presence of spurious pulses with silica 
made ciirrent measurements difficult at the higher electric 
fields but since they subsided with time their effect could 
be overcome. The characteristics and origin of these pulses 
are discussed in Appendix II« 
3.6«3 Results and Discussions, Borosilicate Glass. 
Prom the low electric field tests, the 
variation of the resistivity with temperature was determined. 
The resistivity was plotted against 1,000/T on semi-log 
paper and is shown in Figure 3«3. If this is now compared 
with Equation 3.6 then its constants can be evaluated. Hence 
the equation becomes; 
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p 
0.0058 e^.QlO/T 3.20 
A relationship between the ion concentration, )\ ^ 
and the temperature can be obtained from these low field 
results^ If the vibrational frequency of the ion in the 
well is assumed to be 1 0 c p s and the value of X is 
taken to be 10, 10 and 10 m» P^om equation 3 »6, 
I, ^ .^ATionsm-5 5.21 
e^ b p 
By using Figure 3«3 to determine fi $ the values 
of N may be calculated for the three temperatures of 100, 
200 and 300®C and the three values of ^ • The results are 
shown plotted in Figure 3«4, 
The results of the high electric field tests are 
shown in Figure 3*5, where the conductivity is expressed as a 
fraction of the low field conductivity» Because of the 
temperature rise, it is not possible to obtain the character-
istics for electric fields higher than those recorded, hence 
it is necessary to use Equation 3«7 to determine the jump 
distance» For a 20 percent deviation in the resistivity, 
it follows from Equation 3»7, 
( 2kT/ = 0.2 
Hence X = 5 . ^ 
eE 
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The value of the ionic jump distance for the different 
temperatiares as calculated by this equation is given in Table 3.2. 
TABLE 5.2 
ION JUMP DISTANCES FOR 
BOROSILICATE GLASS 
Temp. A 
lO^Sm 
161^ 1.03 
228 3.15 
278 8.00 
This increase in ion jump distance was observed by Maurer(56) 
and Vernieer(55) • Maurer's resuilts show that at temperatures above 65 
o 
the jump distance increased rapidly to a value greater than 50 A at 
100 This has been attributed to structual changes in the lattice 
network at the higher temperatures. Bean, Fisher and Vermilyea(54) 
have proposed a model to e3q)lain a similar phenomenon observed with 
metal oxide films and have sujggested that it may also apply to glass. 
0wen(35^ P* iJO) is of the opinion that " the simple model 
of an ion hopping over a potential barrier between equilibrium positions 
is in reasonable agreement with experiment". The experimental work 
of this chapter confirms the model with respect to the variation of 
temperature and electric field. However, the high calcialated value 
of the jump distance at 278 ̂ C suggests that the model may need slight 
modification if it is to be used to calculate J\amp distances at the 
higher temperatures. 
The range of jump distances shown in Fig. 5.5 are only 
hypothetical values and do not necessarily represent values found in 
practice. 
Results and Discussion - Silica. 
From the low electric field tests, the variation of the 
resistivity with temperature can be determined. In Figure 3.6 the 
resistivity is plotted against 1,000/t on semi-log scales. From 
this the activation energy may be ceilculated and numerical values 
determined for Equation 5.13. 
0.004 c ̂ 5,320/T 23 
The high electric field tests were carried out at 
temperatures of 173, 229 and 279 the results of which are shown 
plotted in Figure 3.7. The conductivity, expressed as fraction of 
the low field conductivity, is plotted against the electric field. 
It is of interest to note that the deviation froai 1.0 begins at 
about 1.0 Mv/m and is the same for all three temperatures. 
The mean curve through these points is shown plotted again 
in Figure 3.6 using semi-log axes. The relative conductivity is 
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plotted on the log scale and the electric field and square of the 
electric field along the linear scale. 
For electric fields below 10.0 Mv/m, the experimental 
points fit the linear relationship with E. The empirical relationship 
is of the form. 
P € o 
-B E 
Inserting numerical values, 
o.ooi. e ̂ 5,520/T -8.1 X 10 ® E 3.25 
For values of electric field greater than 10.0 Mv/m, 
the experimental curve fits the square la\4̂  relationship in E. It 
is interesting to note that this is not inconsistant with Equation 
the relationship derived by Fröhlich. Inserting numerical values 
for the constants, the resistivity at these higher values of electric 
field is given by. 
0.0058 c 15,320/T -0.25 X 10 
- 1 4 E^ 3.26 
CHAPTER 4^0 
M E T A L T O S I L I C A C O N T A C T S 
p 6 1 
Introduction. 
In Chapter 1, it is shown that an 
import8jnt factor in controlling the conduction mechanism in 
particulate solids is the electrical characteristic of the 
contacts between the particles themselves and between the 
particles and the metal electrodes. To fully describe 
their effects, it is necessary to consider three cases. 
(i) Metal to glass contacts with the metal 
electrode at negative potential. 
(ii) Metal to glass contacts with the metal 
electrode at positive potential. 
( i ii ) Grlass to glass contacts. 
Since the glass may be either ionic or electronic 
conducting, additional tests are necessary so as to take 
this factor into account. 
One method of investigating the characteristics 
of these contacts is to use scaled up models of the particles 
themselves. The ideal arrangement is to use a hemispherical 
insulating particle of about 1 cm diameter with its flat 
surface metallized. If this is placed on a flat metal 
surface it would model the contacts between the metal 
electrode and the first layer of particles. There are 
however a number of practical difficulties in doing this, 
the most important being the difficulty in obtaining suitable 
spherical particles of the right material. As an alternative. 
O 
a satisfactory representation of the configuration cm be 
obtained by placing a spherical metal ball on a f l a t sample 
of the insulating material to be investigated. The essential 
geometrical difference i s that in the approximate represent-
ation, the metal surface curves away from the plane of the 
contact c i r c l e , whereas in the real situation they are both 
in the one plane. It has already been shown in Chapter 2 
that most of the voltage drop occurs within ten times the 
radius of the contact area and also, that the separation 
between the surfaces is small compared with the overall 
dimensions i f the ratio of the radius of the bal l to that 
of the contact i s in the order of 100 or more. Under these 
conditions, there i s very l i t t l e difference in the f i e l d 
patterns between the two cases. This approximation i s 
consistent with that made by adopting the Holm Equation to 
calculate the contact resistance. Considering the order of 
the magnitude of the currents being measured, the accuracy 
of the instrumentation and the random errors involved, the 
approximation is a reasonable one. 
In Section 2.4.3 i t i s shown that very high e lectr ic 
f i e l d s may exist between the surfaces of adjacent partic les 
in the region around the point of contact. Under these 
conditions, i t i s reasonable to speculate on the poss ib i l i ty 
of there being some kind of charge transfer across the air 
gap. In order to detect this experimentally, the rod to 
plane test has been devised. Contact with the insulator 
surface i s made with the squared o f f end of a long cyl indrical 
S b 
rod. Since the sides of the rod electrode are perpendicular 
to the insulator surface, any possibility of charge transfer 
across an air gap is reduced to a minimum^ The results of this 
test are called the "bulk characteristics" of the electrode 
system, since they are due only to changes taking place in 
the glass itself» By comparing the rod to plane tests with 
the ball to plane tests, it cao be shown that charge transfer 
tekea place^ 
In order to compare the results of different tests, 
the field magnitude factor is introduced« It is shown 
in Appendix I I I , that for a fixed value of the ratio of the 
applied voltage to the contact radius, the electric field 
pattern in the insulating material and its magnitude are the 
same irrespective of the actual radius of the contact• Hence 
by using this factor it is possible to compare the results of 
different tests» In addition, it is also shown that i f v/n 
is plotted aga inst1 / 4© . , i t is possible to compare the 
results obtained at different temperatures» 
In this chapter, the characteristics of metal to 
silica contacts are investigated» Experimental results are 
obtained for the ball to plane and rod to plane tests and 
these are compared on a common graph» 
The ball to silica characteristic is explained in 
terms of the reduction of the bulk resistivity of the silica 
and the charge transfer across the air gap in the region 
adjacent to the contact by the high electric fields» 
s 7 
FIGURE 4.1 ARRANGEAIENT FOR THE NETAL BALL TO SILICA TEST 
The r e s u l t s of t h i s c h a p t e r w i l l be u s e d i n 
C h a p t e r 8 t o a ccoun t f o r t h e o v e r a l l c h a r a c t e r i s t i c s of 
p a r t i c u l a t e s o l i d s ^ 
4 . 2 M e t a l B a l l t o S i l i c a C o n t a c t s . 
4 . 2 . 1 E x p e r i m e n t a l Methods 
I t i s shown i n S e c t i o n 4 . 1 t h a t t h e most 
c o n v e n i e n t way of r e p r e s e n t i n g a p a r t i c l e i n c o n t a c t w i t h a 
m e t a l e l e c t r o d e i s t o p l a c e a m e t a l b a l l on t h e f l a t s u r f a c e 
of t h e s i l i c a s a i r p l e . 
The a p p a r a t u s u sed i s shown i n F i g u r e 4 • I . The 
m e t a l b a l l e l e c t r o d e i s h e l d i n p o s i t i o n on t h e s i l i c a s u r f a c e 
by a s i l i c a t u b e which p r o j e c t s t h r o u g h t h e t o p of t h e oven« 
T h i s e n a b l e s t h e p o s i t i o n of t h e b a l l on t h e s i l i c a t o be 
e a s i l y changed and e x t e r n a l l o a d s t o be appl ied® E l e c t r i c a l 
c o n n e c t i o n t o t h e b a l l i s made by means of a r o d which f i t s 
i n s i d e t h e t u b i n g and r e s t s on t h e m e t a l b a l l e l e c t r o d e . 
The o t h e r end i s c o n n e c t e d t o a v a r i a b l e v o l t a g e d . c . power 
supp ly» The r a d i u s of c o n t a c t between t h e b a l l and s i l i c a 
i s a d j u s t e d by v a r y i n g t h e a p p l i e d e x t e r n a l l o a d and i s 
c a l c u l a t e d f rom t h e H e r t z E q u a t i o n 2 . 1 1 . The t o t a l c u r r e n t 
f l o w i s measured by a K e i t h l e y E l e c t r o m e t e r c o n n e c t e d between 
t h e m e t a l l i z e d u n d e r - s u r f a c e of t h e s i l i c a specimen and ground 
B e f o r e c a r r y i n g ou t t h e t e s t s , t he s u r f a c e of t h e 
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silica was cleaned with chromic acid and washed in distilled 
water. The metal ball surface was carefully polished» 
A series of voltage-current measurements were made 
at three different temperatures with the metal ball held at 
a positive potential and then at a negative potential. For 
each set of readings the ball was moved to a new position on 
the silica surface. 
Table 4 .1 gives the important parameters for this 
test. 
4 . 2 . 2 Results. 
The results are shown plotted in Figure 
4 . 2 , where v / n or the Field Magnitude factor is plotted 
against By using the factor, it is possible 
to compare ttie results of a number of tests where the actual 
contact radius differs from one test to another• Bj plotting 
yol/4a^ on the other axis, the results for different temper-
atures are easily compared. 
In order to determine the radius of contact, the 
initial slope of the voltage-current curve was carefully 
determined from the plot. This^ave the effective resistance 
of the contacts at low electric fields. From the temperature 
measurements, the resistivity was determined from Figure 3 . 6 , 
and the effective contact radius calculated from Holm's 
Equation 2 . 2 
Hence radius of contact a = / ^ / ^^o 
where R^ is the resistance of the contact at low 
TABLE 4 a 
MAIN PARAÎ iETERS OP METAL BALL TO SILICA TESTS 
M a t e r i a l 
1 
S i l i c a 
Appl ied f o r c e 0«54 kgms 1 
B a l l d i ame te r | 2 cms 1 
Youngs Modulus B a l l i 1 . 8 1 X 10® kgm/cm^ ; 
S i l i c a j 0 .72 X 10® kgm/cm^ ! i 
Po i s sons Ra t io B a l l 1 0 . 3 3 • i 1 
S i l i c a 0 .10 i 
Her tz E q u i v a l e n t Radius 
1 
100 microns j 
P / a 100 
! 
Adjus tments have been made t o some of t h e s e 
p a r a m e t e r s t o t a k e i n t o account t h e t empera tu re of ope ra t i on« 
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FIGURE 4.3 ARRANGEMENT OF THE ROD ELECTRODE 
Q ̂  > 
f i e l d s . 
Table 4.2 gives ths radi i of contaot as determined 
by the Holm and Hertz Equations for d i f ferent temperatures. 
There was no signif icant dif ference between the 
voltage-current readings obtained with the metal bal l at 
negative polar i ty and those obtained with the ball at 
pos i t ive po lar i ty . 
I t was also observed that there were no spurious 
pulses even f o r the higher voltages. 
4.3 Metal Rod to ^lllosi Contacts. 
4 .3 .1 Experimental Method. 
The purpose of the rod to s i l i c a test i s 
to f ind the voltage-current characterist ic of a metal to 
s i l i c a contact with electron emission across the air gaps 
reduced to a minimum. 
The arrangement of the rod electrode i s shown in 
Figure 4 .3 . I t i s comprised of three needles projecting 
down from a metal ring equispaced from one another by 2 cms. 
The f l a t surface on the needle points were obtained by f i r s t 
mounting them in the ring and then carefully rubbing them 
over a smooth f l a t abrasive surface until a f l a t end of 200 
micron diameter was obtained» The points were f inished o f f 
on a very f l a t and smooth s i l i c a glass surface lubricated 
with a metal po l i sh . Egch point was carefully examined and 
i t s diameter measured under a microscope. The surfaces of 
TABLE 4 . 2 
RADII OP COOT ACT FOR METAL BALL TO 
SILICA DISC TESTS. 
Q.1 
\ j - 1 
i ! 
Temperature 
Radius microns 
Hertz 
Equiva lent 
Holm 
Equiva lent 
308 100 1 147 
282 1 100 115 
261 100 
i 
130 
3 a 
Oven. 
netallized 
Surface ^ 
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To D.C. Power Supply 
Silica Tube 
netal Rod 
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m ^  
To Electrometer 
Silica 
FIGURE 4.4 ARRANGEMENT FOR THE ROD TO SILICA TEST 
f 
the points were as smooth as could be made with this method 
and were al l in the one plane• To ensure that the rod 
points sat squarely and firmly on the glass surface, a 
weight of 0.5 kgm was placed on the upper ring. 
The s i l i ca specimen i tse l f was f i r s t prepared by 
metallizing one side of the s i l i ca disc and then cleaning 
the other side with chromic acid and washing in dist i l led 
w a t e r T h e point electrode was placed on the cleaned 
surface and the whole apparatus placed in an oven. 
Figure 4.4 shew s the general arrangement together 
with the e lectr ica l connections^ The d . c . potential is 
supplied from a low ripple power supply and the current 
measured with a Keithley electrometer. 
Voltage-current measurements were made for voltages 
up to 1750V for each temperature range selected« The maximum 
voltage was limited by the presence of spurious pulses ^¿lich 
made current measurement d i f f i c u l t . These pulses were also 
encountered in the bulk measurements and are discussed in 
more detail in Appendix I I . The temperature range for these 
tests was from 260^0 to 310®G. The upper temperature was 
limited by the capacity of the oven and the lower, by the 
magnitude of the resistance of the contacts. At temperatures 
below 260^0, the current was too low to be measured satisfact-
or i ly with the instrumentation available. 
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4 «s .2 Results . 
The resu l ts are shown plot ted in Figure 4 .5 . Bj 
using the same co-ordinates as in Section 4 .2 .2 , i t i s 
poss ib le to compare the resul ts of the two sec t ions . 
The low f i e l d contact resistance was determined 
from a p lo t of the voltage-current character is t i c as in 
Section 4 .2 .2 , and by obtaining the r e s i s t i v i t y from Figure 
3 .6 , the Holm Equivalent contact radius was ca lcu lated . 
Table 4 .3 gives the rad i i of contact as determined by the 
Holm Equation and that measured with the microscope f o r 
three d i f f e r e n t temperatures. 
As with the bal l to s i l i c a tests there was no 
s i gn i f i cant d i f f e rence in the voltage-current character i s t i c s 
with change of po lar i ty of the metal b a l l . 
However in this case the presence of spurious 
pulses was very obvious. This was part icular ly so when the 
points were held at negative po tent ia l . This i s discussed 
in Appendix I I . 
4 .4 Discussion. 
4 . 4 . 1 Contact Radi i . 
The e f f e c t i v e radius of contact calculated 
from the Holm Equation f o r the rod to plane geometry i s l e s s 
than the actual physical radius of the rods . This i s not 
unexpected. Although every care was taken in f in ishing o f f 
fl 
TAELE 4 , 3 
GOOTACT RADIUS METAL POIliTS ON 
SILICA DISCS 
Temperature 
^C 
Radius (miorons) 
O p t i c a l l y 
Measured 
Holm 
Equiva lent 
303 100 58 
278 100 58 
262 100 59 
t h e s u r f a c e s of t h e p o i n t s , i t i s most u n l i k e l y t h a t t h e 
e n t i r e s u r f a c e of t h e rod end i s i n t h e one plane« In 
a d d i t i o n , even f o r the a r e a where c o n t a c t does t ake p l a c e , 
i t i s most u n l i k e l y t h a t i t i s c i r c u l a r , i n which c a s e 
Equa t ion 2.2 does not s t r i c t l y a p p l y . I f t h e c o n t a c t shape 
i s e l l i p t i c , t hen F i g u r e 2^2 i n d i c a t e s t h a t the e f f e c t i v e 
r e s i s t a n c e i s l e s s than t h a t f o r a c i r c u l a r c o n t a c t of t h e 
same a r e a . A l t e r n a t i v e l y , f o r a g iven measured r e s i s t a n c e , 
t h e a c t u a l a r e a of c o n t a c t w i l l be g r e a t e r t h a n t h a t c a l c u l -
a t e d f rom Holm's E q u a t i o n . I f t h e o v a l n e s s f a c t o r i s 3, t he 
e f f e c t i v e a r e a i s 77 p e r c e n t g r e a t e r than t h a t c a l c u l a t e d 
f rom t h e Holm e q u i v a l e n t r a d i u s . 
With t h e b a l l t o p l a n e g e o m e t r i c a l c o n f i g u r a t i o n , 
t h e Holm E q u i v a l e n t r a d i u s i s e i t h e r equal t o or g r e a t e r 
t h a n t h e Her tz E q u i v a l e n t r a d i u s . This r e s u l t i s not 
u n e x p e c t e d . I t i s demons t ra ted i n S e c t i o n 2 . 4 t h a t the 
d i s t a n c e between t h e curved s u r f a c e of the b a l l and t h e 
f l a t s u r f a c e of t he s i l i c a d i s c i s v e r y s m a l l . At a 
d i s t a n c e of 1 . 5 t i m e s t h e c o n t a c t r a d i u s , t he two s u r f a c e s 
a re s e p a r a t e d by 0 . 6 3 m i c r o n s . I t would only r e q u i r e s l i g h t 
d e v i a t i o n s i n t h e f l a t n e s s of the s i l i c a or smoothness of 
t h e me ta l b a l l t o cause c o n t a c t t o be made. 
4 .4»2 Rod t o ^ i l i c a C h a r a c t e r i s t i c . 
T h i s c h a r a c t e r i s t i c i s l i n e a r f o r low 
v a l u e s of a p p l i e d v o l t a g e but becomes n o n - l i n e a r f o r h i g h e r 
ul 
values of voltage where the 'FM' factor is greater than 
2^0 Mv/m. This non-linearity can be explained in terms of 
the decrease in the bulk resistivity of the silica in the 
region around the point of contact. 
It has already been shown in Section 2,4 that very 
high electric fields can be established in the silica 
specimen adjacent to the metal points, and in Section 3.6, 
that the resistivity of silica begins to decrease at electric 
fields of 1,0 Mv/m and is significant at fields of 10.0 Mv/m. 
Por applied voltages low enough to give •FM' factors below 
2.0 Mv/m, the electric field throughout the silica sample is 
not of sufficient magnitude to affect its resistivity. 
See Tables 2.3, 2.4 and 2.5^ Hence, for voltages up to this 
value the voltage-current characteristic is linear. When 
however the voltage is increased above this, the electric 
field strength in some areas become high enough to reduce 
the bulk resistivity of the silica. For example, when the 
»FM» factor is 10.0 Mv/m, the electric field at the centre 
of the contact radius is 6.4 Mv/m and increases along the 
radius to the circumference but decreases along the 
perpendicular axis. Since the electric fields are now in the 
order where substantial changes can be expected in the bulk 
value of the resistivity, corresponding changes can be 
expected in the resistance of the contact. This is confirmed 
by Figure 4.5 which indicates that for an 'FM' factor of 10.0 
Mv/m the original resistance of the contact is reduced by 
50 p e r c e n t . 
I t i s a l s o shown i n F igure 4 .5 t h a t t he e x p e r i -
m e n t a l p o i n t s f i t r e a s o n a b l y we l l around t h e f o l l o w i n g e q u a t i o n , 
and a r e i n d e p e n d e n t of t h e t e m p e r a t u r e over t h e range 
cons ide red« 
I ^ 
Where R^ s low e l e c t r i c f i e l d r e s i s t a n c e . 
FM 8 f i e l d magnitude f a c t o r (Mv/m). 
Hence t he r e s i s t a n c e of the c o n t a c t v a r i e s as t he 
•FM' f a c t o r , and t h e r e f o r e a s the magnitude of t he e l e c t r i c 
f i e l d , i n t he exponent of t h e e x p o n e n t i a l » I t i s shown i n 
S e c t i o n 3»6, t h a t the i n i t i a l v e r i a t i o n of t h e r e s i s t i v i t y 
of s i l i c a w i t h t h e e l e c t r i c f i e l d i s a l s o g iven by a s i m i l a r 
r e l a t i o n s h i p . 
The t e m p e r a t u r e independence of t h e s e c h a r a c t e r -
i s t i c s g i v e s a d d i t i o n a l suppor t t o t he model p roposed . I t 
i s shown i n S e c t i o n 3 . 6 t h a t the v a r i a t i o n of t h e r e s i s t i v i t y 
w i t h t h e e l e c t r i c f i e l d i s independent of t e m p e r a t u r e , and 
t h i s independence must be expec ted i n t h e s e t e s t s i f the 
p r o c e s s t a k i n g p l a c e occu r s i n t h e m a t e r i a l i t s e l f . 
The p o s s i b i l i t y of some form of charge t r a n s f e r 
a c r o s s a i r g a p s must be c o n s i d e r e d . Since t h e s i d e s of t h e 
r o d s r i s e a lmost v e r t i c a l l y f rom t h e s i l i c a s u r f a c e any 
c o n t r i b u t i o n f rom them must be very s m a l l . However, s ince 
lo:' 
the Holm equivalent radius is about 58 microns instead of 
100 microns, it follows that only part of the area of ths 
ends of the rods are in contact with the silica» In those 
areas where contact does not take place, it is possible that 
strong electric fields may exist and electron transfer take 
place• This mechanism cannot dominate because of the 
following reasons: 
(i) The characteristics are independent of 
temperature• It is shown in the next section 
that if electron emission takes place, the 
characteristics are temperature dependent. 
(ii) The maximum radius over which emission can 
take place is 100 microns. Careful examin-
ation of the rod end under a microscope shows 
that the actual surface tends to curve up even 
before this radius, so the actual area over 
which emission can take place is very limited. 
It may be concluded that the results of this test 
approximately represent the bulk characteristics of this 
electrode arrangement. The true bulk curve will sit somewhere 
under the experimental one given in Figure 4.5. 
One factor which could influence the voltage-current 
characteristic of this test is the potential barrier between 
the metal points and the silica« For low electric fields, 
only those electrons with sufficient thermal energy can enter 
the silica from the metal electrode. With high electric 
fields, electron transfer is enhanced either by electrons 
tunnelling through from the metal to the conduction band of 
the insulator, or as is more likely, the effective height 
of the barrier is reduced by the Schottky Effect• Mead 
(55), when considering electron transport mechanian in 
insulating films, concluded that the current in the cases 
he considered was limited by the bulk processes in the 
material and not by the characteristics of the electrode» 
If this is the case in his studies, it is quite likely that 
the same applies here« Hence it may be assumed that the 
electrode - insulator potential barrier is not a significant 
factor in determining the overall voltage-current 
characteristic• 
Since these characteristics are independent of 
time, it may be concluded that the sample of silica used in 
these tests is essentially electronic conducting. In addition 
to this it is also necessary to conclude from this character-
istic that the internal heating effects are also negligible« 
It has already been shown in Section that for heating to 
be significant, electric fields in the order of 100 Mv/m are 
necessary« Examination of Tables 2«3, 2.4 and 2«5 shows 
that, except at the circumference of the contact circle, the 
electric fields are below this value. 
4.4.3 Ball to Silica Characteristic. 
In Figure 4,2, the ball to plane character-
istics are shown plotted with the rod to plane characteristics« 
This shows the ball to plane characteristics deviating from 
linearity to a greater extent than the rod to plane 
characteristic and that this is temperature dependent« 
This confirms the original hypothesis that, due 
to the influence of the strong electric fields, some kind of 
charge transfer takes place across the air gap between the 
two surfaces« The non-linearity of the ball to plane 
characteristics is due to two main factors: 
(i) The reduction of the resistivity of the 
silica around the region adjacent to the point of contact« 
This is represented approximately by the region between the 
constant resistivity and rod to plane curves and is described 
in some detail in Section 4«4«2« 
(ii) Charge transfer across the air gap« A 
comparison of the rod to plane and the ball to plane curves 
in Figure 4«2 shows quite clearly that both sets of curves 
begin with the same initial slope but that the ball to plane 
characteristics deviate from the constant resistivity line 
at a much greater rate than the rod to plane characteristic« 
This characteristic can best be explained in terms of 
electron transfer across the air gap in the region of the 
point of contact« This has the effect of increasing the 
radius of the contact circle, reducing the effective contact 
resistance and hence increasing the current above what it 
ni 1 
would be in the absence of electron emission. 
There are two possible mechanisms by which this 
charge transfer may take place» 
The f i r s t i s electron tunnelling• The i n i t i a l 
investigation into th is type of emission was carried out by 
Fowler and Kordheim(56) although since then a great deal of 
additional work has been done (42) • There are however two 
fac tors which would indicate that this i s not the dominant 
mechanism in this case. For tunnelling to take place i t i s 
important that the distance between the two surfaces be 
within certain l imi t s . In the case of tunnel diodes the 
distance between the two surfaces i s in the order of 100 A. 
With the scaled up model used in these tests , the actual 
air gap separates f a i r l y quickly and soon exceeds this value. 
The other fac tor i s the strong temperature dependence of the 
character ist i cs which i s not consistant with tunnelling. 
Hence on the basis of these two considerations, i t must be 
concluded that tunnelling cannot account for the order o f 
the deviation obtained in the t e s t s . Any tunnelling that 
does take place probably occurs very close to the point of 
contact . 
The other possible mechanism is Schottky emission. 
This i s analogous to thermionic emission except that the 
applied e l e c t r i c f i e l d lowers the potential barrier height 
and f a c i l i t a t e s t he escape of e lectrons. One of the main 
character is t i cs of this type of emission i s i t s temperature 
dependence^ Since the characteristics of the ball to plane 
geometry are also temperature dependent it is reasonable to 
assume that the Schottky Effect dominates in this case# The 
mechanism by which this occurs can be described as follows. 
For given temperature and electric field conditions, electrons 
will be emitted from the surfaces and flow across the airgap. 
This reduces the effective area of the contact and causes the 
current to increase. At higher temperatures, the electron 
emission is made easier and consequently it can take place 
at greater distances from the physical contact area. This 
means that for a given voltage, and hence 'PM' factor, the 
effective area over which emission takes place is larger than 
at the lower temperatures, and this causes the resultant 
current to increase, lifeen plotted on the axes shown in 
Figure 4.2, the curves for the higher temperatures fit above 
those for the lower temperatures. 
When the metal surface is at negative polarity, an 
abundant supply of electrons are available. However, when 
they reach the silica surface they form a space charge which 
sets up a reverse field and limits the current flow. 
Muriy(57) has observed this when bombarding a glass surface 
with a stream of electrons. When the metal surface is at a 
positive potential, the electrons must come from the free 
electrons in the silica. In this case the emission current 
is limited by the number of free electrons available near 
the silica surface. 
In order to check the f e a s i b i l i t y of th i s type of 
emission from the metal electrode, the theoretical current 
density was determined f o r an e lec t r i c f i e l d of 10^ v/m at a 
room temperature of 275®C. Using an activation energy of 
4.48 ev, a current density of 4.5 x lO"^ amp/m^ i s obtained. 
After making an estimate of the approximate area that could 
be involved, i t can be shown that the magnitude of the 
to ta l current increase can be easily supplied by th is emission 
current• 
The actual mechanism of charge transfer across the 
air gap w i l l vary with the length of the gap. Since the 
mean free path of air molecules i s in the order of 10"*^ 
meters, and the distance between surfaces at a point of 
twice the radius of the constant c i r c l e i s approximately 
1.5 microns, the probabil ity of a c o l l i s i o n is very small. 
At distanees further out c o l l i s i o n s may occur and charge 
may be transferred by electron attachment or even some 
l imited ionization may take p lace . Ahmed{58) has discussed 
some aspects of current conduction at these greater distances. 
I t i s probable that most of the charge i s transferred by the 
direct f low of e lectrons. 
One additional factor which i s in agreement with 
the model proposed i s the absence of spurious pulses. As 
has been shown in Appendix I I , these are easily generated 
with the rod electrode geometry, and ape due to the high 
e l e c t r i c f i e l d s in the region of a metal electrode. In this 
r] 
case with the ball to plane geometry, the effective area 
of contact is increased and the internal electric fields 
must be correspondingly reduced. The electric fields are 
high enough to cause electrons emission but not high enough 
to generate any spurious pulses« 
CHAPTER 5 » 0 
M E T A L T O B O R Q S I L I C A T E 
G L A S S C O N T A C T S . 
1 f> 
5#1 Introduction« 
The mechanism of current conduction by 
ions is sufficiently different from that by electrons, that 
a separate investigation into their characteristics is 
justified» This applies in particulsT when considering 
the effects of electrodes» If the electrodes are made of a 
suitable electrolyte, there is a free exchange of ions at 
both electrodes and no special contact effects take place# 
If the electrodes are metallic, the ions at one electrode 
cannot move out of the glass into the metal electrode nor 
can the deficiency of ions in the glass at the other 
electrode be replaced. This causes special effects to 
take place at each electrode. 
In this chapter, the electrical characteristics 
of the following two contacts are investigated. 
(i) Metal to glass contacts with the metal 
electrode at negative potential» 
(ii) Metal to glass contacts with the metal 
electrode at positive potential• 
The characteristics of these contacts are investi* 
gated by means of scaled up models» As was the case in 
Chapter 4, the contact between a spherical particle and the 
metal electrode is represented approximately by a metal ball 
placed on a flat sample of borosilicate glass. In order 
to determine the existence of charge transfer between 
adjacent surfaces of the electrode and the particle. 
a aeries of tests were carried out using the rod to plane 
geometry. By comparing the results of these two tests on 
common axes, it is shown that the non-linear voltage-current 
characteristic of the. ball to plane test is due in part to 
the reduction of the bulk value of the resistivity of the 
borosilicate glass around the point of contact ani to 
electron transfer across the air gap. 
With the metal electrode at a positive potential, 
the total current decays with timê  and with it negative^the 
current increases with time. Models are developed to account 
for these phenomena. 
The results of this chapter will be used in 
Chapter 8 to account for the overall characteristics of 
particulate ionic conducting solids. 
5.2 Metal Ball to Borosilicate Glass Contacts« 
5.2^1 Experimental method. 
The preparation of the borosilicate glass 
specimen, the arrangement of the metal ball and the electrical 
connections is the same as for the corresponding tests on 
silica described in Section 4.2. 
The radius of the contact circle between the metal 
ball and the borosilicate glass surface was controlled by 
applying an external force to the ball and its magnitude 
calculated from the Hertz Equation 2.11. Table 5.1 lists 
IK: 
TABLE 5 • ! 
MAIN PARAMEIERS OP METiOb BALL TO 
BOROSILICATE GLASS TESTS 
Material Borosilicate glass 
Applied force 
! 
1.33 kgms# 
Ball diajmeter 
i 
i 
1 [ 
2.0 cms. 
j 1 
Youngs Modulus Ball 0.81 X 10^ kgm/cm | 
Glass 1 0.64 X 10^ kgm/cm 
Poissons Ratio Ball 0.33 
Glass i 0.224 
Hertz Equivalent Radius 1 125 microns. 
p/a 
1 
! 
80 
i i 
1 
i 
1 i 
The magnitude of these values has been adjusted 
for temperature. 
the main constants of the materials concerned and gives the 
Hertz equivalent radius. 
Initially, considerable difficulty was experienced 
in obtaining consistent and repeatable results with this 
ionic conducting material until it was realised that the 
current was a function of the electrode polarity as well as 
the period of spplication of the electric field. Good 
consistent results were only obtained by conducting three 
different sets of tests. 
(i) The bulk characteristic of the material could 
only be found by preventing any substantial variation of the 
ion concentration in the region of the points. This was 
done by varying the polarity of the electrodes. The actual 
procedure was to first adjust the voltage of the power 
supply to the required value and then apply it to the ball 
electrode for a period of five seconds while current readings 
were taken^ The two electrodes were then shorted for a ten 
second period^ The opposite polarity was then applied to 
the electrodes for a further period of five seconds. This 
was repeated for increasing steps of voltage to a maximum 
of 500 volts and then for decreasing values of voltage« 
Good reproducible results were obtained. The magnitude of 
the current readings for positive and negative polarities 
were the same for 'FM» factors up to 2.0 Mv/m, but for 
greater values there were slight differences. The positive 
reading was slightly lower than the negative reading. The 
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actual value used in the plot is the average of the two. 
(il) The 'points positive' characteristic was 
obtained by applying a steady positive potential to the 
ball electrode and recording the current - time character-
istic* Readings were taken at a number of voltages up to 
500 volts. For each set of readings at a new voltage, the 
points were moved to a 'clean' area on the glass surface. 
(iii) The 'points negative' characteristic was 
obtained in a similar manner except that the ball electrode 
was held at negative potential. 
On a number of occasions during tests (ii) snd 
(iii), the voltage was left disconnected for several minutes 
and then reapplied. In all cases the current returned to 
the same value as that at the time of disconnection, 
confirming that a fairly permanent change had taken place 
in the region of the contact. 
The borosilicate glass samples are the same as 
those used in the bulk characteristic tests of Section 
3.6.3. 
5.2.2. Results. 
The results of the bulk characteristic 
tests are shown plotted in Figure 5.1 using co-ordinates of 
v/o and/Ol/4o . 
The contact resistance at low electric fields was 
determined from the initial slope of the voltage-current 
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curve . By using t h i s , and the bulk r e s i s t i v i t y cf the 
material given by Figure 3 . 3 , the Holm equivalent radius 
was ca l cu la ted . 
Table 5 .2 gives a summary of the rad i i as calculated 
from the Holm and Hertz equation f o r a number of d i f f e rent 
temperatures. 
I t i s rather d i f f i c u l t to show in a concise manner 
the time var iat ions of the current f o r constant applied 
voltage and p o l a r i t y . Figure 5 .2 shows a typica l bulk 
charac ter i s t i c f o r s temperature of 282^0. The lower dotted 
l i n e i s the locus of the curve when the bal l e lectrode i s 
held at a pos i t i ve potent ia l f o r three minutes and the 
upper dotted l i n e i s the locus when the ball i s held at a 
negative potent ia l f o r f i v e minutes. Figure 5 .3 shows the 
actual change in current f o r d i f f e rent values of 'Mf* over 
a period of f i v e minutes at a temperature of 282^0. 
Figure 5 . 4 gives a summary of the resul ts f o r the 
three temperatures of 175, 225 and 282^0. Here the percent-
age deviation of the current from the bulk value i s p lo t ted 
against the f a c t o r f o r both pos i t ive and negative 
p o l a r i t i e s . 
5 .3 Metal Rod to Boros i l i cate Grlass Contacts. 
5 . 3 . 1 Experimental Method. 
The preparation of the boros i l i ca te glass 
surface, the arrangement of the rod electrodes and the 
TABLE 5 . 2 
HADII OP CONTACT FOR METAL BALL TO 
BOROSILICATE GLASS TESTS. 
O ( 
I. 
Temperature 
Radius (microns) 
Hertz Holm 
Holm radius 
EquiV alent Equiv alent 
Hertz radius 
283 
250 
225 
204 
175 
125 
125 
125 
125 
125 
145 
142 
126 
154 
125 
1.16 
1^14 
1.01 
1.24 
1.00 
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e l e c t r i c a l connections are the same as f o r the corresponding 
t e s t s on s i l i c a described in Section 4 . 3 . 
As was the case with the metal ball to plane tes t s 
of the previous section i t i s necessary to conduct three 
sets of t e s t s . 
( i ) Bulk charac te r i s t i c . 
( i i ) Electrode p o s i t i v e . 
( i i i ) Electrode negative. 
These were carr ied out in the same manner as 
described in Section 5 . 3 . 
5 . 3 . 2 Results . 
A summary of these results i s shown 
p lo t ted in Figures 5 .5 , 5 .6 and 5 . 7 . The so l id l ine i s 
the bulk charac ter i s t i c , the lower dotted curve i s the 
locus of the current when the metal rod electrode i s held 
at pos i t i ve potent ia l f o r three minutes and the upper curve 
i s the locus of the current when held at a negative potential 
f o r f i v e minutes. 
Table 5 .3 records the Holm equivalent radius, 
ca lculated in the same way as in the ear l ier sec t ions . 
5 . 4 Discussion. 
5 . 4 . 1 Contact Radi i . 
The general re lat ionships between the Holm 
TABLE 5 . 3 
GOKTACT RADIUS OF METAL RODS ON 
BOROSILICATE GLASS 
o 
Temperature 
Radius (Microns) 
O p t i c a l l y Holm 
Measured Equiva lent 
175 125 38 
225 125 42 
275 125 52 
c: 
(IJ V-.-
Equivalent rad i i to the physical radius of the points and 
the radius ca lculated by the Hertz Equation are similar to 
that obtained with s i l i c a » The comments made in Section 
on the contacts with s i l i c a w i l l apply in the case of 
b o r o s i l i c a t e g lass . The main d i f ference between the two i s 
that the Holm Equivalent radius shows a greater variat ion 
with b o r o s i l i c a t e glass than with s i l i c a . This i s probably 
due to the greater unevenness of the boros i l i ca te glass 
sur face . 
5 . 4 . 2 Bulk Character is t i cs . 
The bulk character ist i c of the boros i l i ca te 
g lass with the rod to plane geometry has the same non-linear 
feature s as obtained with s i l i c a . The upward sweep of the 
curve in Figures 5 .5 , 5 .6 and 5.7 i s the result of the 
decrease in r e s i s t i v i t y of the g lass due to the region of 
high e l e c t r i c f i e l d stress around the point of contac t . As 
described in Chapter 3, th is phenomenon i s known as the 
Pool E f f e c t and has been well investigated f o r g lass . The 
var iat ion of the r e s i s t i v i t y with the e l e c t r i c f i e l d i s 
given by Equation 3 . 5 . 
The net e f f e c t of th is i s that the e f f e c t i v e 
res istance of the contact i s reduced at higher values of 
'FM', and hence e l e c t r i c f i e l d s , and the t o ta l current 
increases . 
The three ejq)eriniental curves plotted in Figures 
5 5 . 6 and 5.7 can be made to fit the relationship; 
pl / Ua^ « F M € F M 
Where FM is expressed in Mv/m. 
Close examination of the bulk characteristic 
(although it is not so obvious in the plotted results) 
shows that the non-linearity begins at lower "M» values 
for higher temperatures. This is consistent with the 
experimental results in Section 3.6 where it is shown that 
the departure from linearity is temperature dependent. The 
higher the temperature the lower is the applied electric 
field at which this occurs. The effect on the rest of the 
characteristic however is negligible. 
Figure 5.1 shows a plot of the bulk characteristic 
curves with the ball to plane geometry on which is also 
plotted the rod to plane characteristic. As is the case 
with silica, the characteristic of the ball to plane geometry 
is much more non-linear than that of the rod to plane 
geometry. The explanation given in Section 4.4.3 for silica 
applies equally well with borosilicate glass. This may be 
summarised as follows. The non-linearity of the ball to 
plane geometry is due in part to the variation of the bulk 
resistivity of the glass around the point of contact and 
also in part to the field enhanced thermionic electron 
emission from adjacent surfaces across the air gap in the 
region of the contact. The temperature dependence of the 
bulk Gharacterlstics is consistent with this model. As is 
the case with silica, the characteristics due to electron 
emission dominates. 
»Electrode Positive' Characteristic, 
For both the rod to plane and the ball 
to plane tests, the totsl current decreased with time when 
these electrodes were held at a positive potential• 
Consider a volume of the glass of thickness 'd' 
and a square surface of unit area» If one of these square 
surfaces is against the metal electrode, then under the 
influence of an applied electric field, cations will move 
out of the volume and oxygen defects will be created within 
this volume and move towards the electrode. This will 
cause two effects to occur. 
(i) The build up of a negative space charge cloud. 
(ii) Decrease in the mobile ion concentration in 
this volume. 
Both of these effects could account for the 
characteristics observed. 
The build up of the negative space charge would 
cause a voltage to be developed across this region and so 
produce a fall off of the total current. There is some 
experimental evidence to show that the voltage drop at the 
anode is usually less than at the cathode (35) (59) (60) . 
This may be due to the distribution of the negative charge 
but is more likely due to these electrons being detached 
from the oxygen atoms by thermal excitation and migrating 
to the anode under the influence of an electric field. 
Hence, considering the temperatures at which these tests are 
carried out and the order of the externally applied electric 
fields, the build up of a negative space charge at the anode 
is very unlikely» 
The reduction in the concentration of the mobile 
ionic carrier is a more likely explanation» The author has 
shown (61) that this can account for the fall of current 
observed in the tests« 
If NQ is the ionic carrier density of the glass 
before the application of any voltage and J the current 
density, the total number of mobile ions which will migrate 
out of this given volume of unit area and thickness 'd» 
is given by; 
dt 
ffence the density of the volume has been reduced by; 
J 
ed dt 
The new density is now; 
No - i-jr ^̂  
This assumes that the remaining ions redistribute 
themselves evenly throughout the volume. If this volume is 
subject to an even electric field E, the current density is 
given by; 
e M. E ( No - f dt ) 5.2 
Where e is the electron charge, 
yf is the ion mobility• 
Solving this differential equation. 
Jo € -MSt/d 5.3 
Where JQ is the initial current density. 
This equation indicates that the total current 
decrease is a function of the electric field strength, mobility 
and time. 
Because of the field pattern of the rod or ball to 
plane configuration, it is not easy to apply this equation 
in any quantitative way. This is further complicated by the 
variation of conductivity with electric field strength and 
its time dependence because of the ion concentration depletion, 
However approximations of the nature given by equation 5.3 
often give surprisingly good results as has been recently 
shown by Huey and Vongpanitlerd (62). 
Equation 5.3 indicates that the current fall off is 
a function of time and this is confirmed by all the experi-
mental results. 
X ^ J - i . 
This equation also predicts that the percentage 
current f a l l o f f over a given period of time increases with 
the e l e c t r i c f i e l d strength. Examination of Figure 5.4 
confirms this f o r »FM» factors up to 2.0 Mv/m. At higher 
values however, the experimental results do not fo l low this 
pattern. This i s probably due to the electron transfer 
across the air gap which begins at values of 'PM' greater 
than 2.0 Mv/m. At these higher e lec tr i c f i e l d s , the 
component of current across the air gap i s added t o the 
i n i t i a l current and this masks the current characterist ics 
at the actual contact with the electrode• The net result i s 
that the percentage current decay decreases at the higher 
values of »FM». 
The only feature of the test results which at 
f i r s t does not appear to f i t this equation i s the tempereture 
dependence of the current decay. These tests results show 
that the rate of current decay increases with temperature. 
In Section 3 .6 .3 , i t i s shown that at the higher e l e c t r i c 
f i e l d s , the jump distance of the ions increases with 
temperature» Table 3.2 shows that this varies by an order of 
eight f o r the temperature range considered in these t e s t s . 
Since the mobility, as used in Equation 5.3, i s proportional 
to the jump distance, i t fo l lows that as the temperature 
increases, the mobility term in Equation 5.3 wi l l increase 
and consequently the current decay at the higher temperatures 
wi l l be greater. 
5.4.4 'Electrode Negative' Characteristic. 
When the electrode is held at a steady 
negative potential, the current gradually increases^ This 
result is rather unexpected as, according to the conventional 
theory there should be a build up of positive space charge 
of the Na cations at this electrode• This would cause a 
voltage drop to be developed gcross this region and result 
in a current decay. 
It has been shown by a number of workers (63)(64) 
(48) that when a metal surface is brought in contact with 
glass, it donates electrons• Other than making the obser-
vation, very little quantitative work has been done. It 
would be reasonable to assume that the number of electrons 
donated would increase with temperature and the author (61) 
has argued that it will also increase with the magnitude of 
the applied electric fields Once these electrons enter the 
glass, two processes may take place. 
(i) Recombination. In this case the space charge 
is neutralized by recombination with the oxygen atom. The 
actual mechanism may be as indicated by Muray(38). He 
suggested that the metallic electrons are bound to the non-
bridging oxygen atoms. These then combine with the mobile 
cations creating immobile NagO states and so neutralize 
part of the space charge. 
(ii) In addition, it is necessary to speculate 
on the existence of a space cloud of electrons which 
diffuses through the region. These electrons do not 
recombine with the cations but they do establish a negative 
space cloud which will neutralize the positive space cloud 
of the cations. 
In order to account for the characteristics 
observed in the tests, it is necessary to postulate the 
build up in density of a cloud of mobile electrons around 
the contact point which gradually diffuses into the glass. 
The existence of the mobile charges around the contact 
area reduces the effective resistance of the contact and 
causes the current to increase« As the density of electrons 
builds up and the electrons^with tirae^diffuse further into 
the glass, then the current will also increase with time« 
This is consistent with the experimental results observed« 
This increase in current could be attributed to 
the increase in temperature because of internal losses« 
That this is not the case is proved by the test in which the 
voltage was removed for five minutes at the end of a test 
run and then reapplied« Each time this was done, the current 
returned to the same value as it was at the point of switching 
off, and not the bulk value, as would be expected if the 
characteristic was determined by temperature effects« The 
permanence of the change is consistent with the model 
proposed. 
CHAPTER 6 . 0 
I N S U L A T O R T O I N S U L A T O R 
C O N T A C T S . 
' > o 
6«1 Introduction» 
This chapter continues the investigation 
of the electrical characteristics of contacts. In addition 
to the metal to particle contacts which occur at the inter-
face between the metal electrodes and particles, there are 
also the contacts between the particles themselves. These 
form the main bulk of the contacts in the particulate solid 
being considered in this thesis. 
By using a scaled up model of these contacts, 
their electrical characteristics are examined» It is shown 
that for both silica to silica and borosilicate glass to 
borosilicate glass contacts, the voltage-current character-
istic is non-linear. This is attributed to the Pool Effect 
and electron transfer between the surfaces of the particles 
adjacent to the points of contact. 
It is also shown, that with ionic conducting 
material, there is a gradual fall off of current if a 
constant voltage of sufficient magnitude is applied for a 
period of time» This is attributed to the build up of 
space charge at the contacts. 
The results of this chapter, together with those 
of the previous two, will be used to account for the overall 
characteristics of particulate solids in Chapter 8. 
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FIGURE 6.1 ARRANGEMENT FOR INSULATOR TO INSULATOR TESTS 
6»2 Character i s t i c s , 
6 .2 .1 Experimental Method. 
The main problem i s to determine some 
suitable means of representing these contacts on a scale 
large enough to enable t e s t s to be carr ied out . For both 
s i l i c a and b o r o s i l i c a t e g lass . Figure 6.1 shows the arrange» 
ment used. A sample of the glass to be examined i s broken 
and metal l ized over a l l i t s surface except one of the 
f r esh ly broken edges. After cleaning, the specimen i s 
placed with this edge on the clean surface of the f l a t 
sample of the same material• The whole arrangement i s 
placed in an oven and heated to various temperatures. 
At each temperature the fo l lowing measurements 
were made: 
( i ) Voltage-current c h a r a c t e r i s t i c . 
( i i ) Variation of the current with time with 
a constant applied vo l tage . Readings 
were also recorded f o r d i f f e rent voltages 
and po lar i ty of the broken specimen. 
( i i i ) After some of the ( i i ) test runs, the 
po lar i ty was reversed and the variat ion 
of the current observed. 
For each test run, a new broken specimen was used 
and th is was placed on an unused part of the surface of the 
f l a t specimen« 
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6.2.2 Results - Silica. 
Figure 6.2 shows a typical voltage-
current characteristic for voltages up to 1,000 volts at 
a temperature of 275^0. The characteristics at other 
temperatures are of the same general shape but are not 
recorded in the thesis. 
No variation of current with time for a constant 
applied voltage was observed. 
In general no spurious pulses were observed even 
for voltages up to 2,500 volts. 
6.2.3 Results - Borosilicate Glass. 
Figure 6.3 is a typical voltage-current 
characteristic for voltages up to 1,000 volts at a 
temperature of 225^0. The characteristics at other 
temperatures are similar to this. 
Figure 6.4̂  shows the variation of the current with 
time at a temperature of 225^0. The broken sample was 
initially held at a positive potential for fifteen minutes 
and then the polarity was reversed and the voltage held at 
the same magnitude for a further fifteen minutes. Tests 
were conducted at voltages of 60, 250 and 1,000 volts. 
Results are similar for other temperatures. 
Figure 6.5 records the current-time characteristic 
for a positive voltage of 1,000 volts applied to the broken 
sample. The curve for a negative voltage of the same 
magnitude is also recorded. In both oases fresh samples 
were used and the temperature held at 225^0 • 
6.5 Discussion» 
6.3.1 Voltage-current Character!stic. 
The voltage-current characteristics of 
both the silica and borosilicate glass pieces are non-linear. 
In both cases this is due to: 
(i) The increase in the conductivity of the 
material due to the very high electric fields in the region 
around the points of contact. This reduces the effective 
resistance of the contact and causes the current to increase 
at a greater rate than it would if the resistivity remained 
constant. This is the same as the explanation offered for 
the voltage-eurrent characteristics of the metal to glass 
contacts in Chapters 4 and 5, A general discussion of the 
reasons for the increase in conductivity with high electric 
fields is given in Chapter 3, 
(ii) The second factor which contributes to this 
non-linearity is electron emission between the sample 
surfaces adjacent to the points of contact^ The existence 
of this has been demonstrated in Chapters 4 and 5, In this 
case however, since the broken surface of the top sample 
is usually resting on a raised edge, it is probable that the 
two surfaces separate more quickly than in the case of a 
ball placed on a smooth surface. In addition, it is shown 
in Equation 6.1 that the voltage-current characteristic is 
proportional to V (hence »PM») in the exponent of the 
exponential. This is a feature of the bulk characteristic 
curves given in Figures 4.5 and 5.1 where electron transfer 
across the air gap is reduced to a minimum. It may be 
concluded that electron transfer between surfaces will exist 
but it does not dominate to the same extent as it does with 
the ball to plane geometry. 
With both silica and borosilicate glass, the voltage-
current characteristics can be made to fit the relationship: 
I A V € 6.1 
Where A and B are constants and V is the applied 
voltage. 
The equations which fit the two sets of experimental 
results recorded in Figures 6.2 and 6.3 are: 
For silica I « 2.0 x lO"̂ ^ V € 0.00̂ 4 V ^̂ ^ 
^ . 0,00362 V . ̂  
For borosilicate I = 3.3 X lo""̂ ^ 
glass 
It is almost impossible to relate the 'FM' factor 
to the applied voltage with any degree of certainty« This 
is because of the difficulty in determining the number and 
nature of the contacts between the two samples. If however 
it Is assumed that contact takes place at three points and 
that each contact is essentially circular, then it may be 
shown from the results recorded in Figure 6.2 that the 
effective radius of each silica contact is 30 microns» 
The approximate 'FM' factor at 1 ,000 volts is 33 Mv/m. 
In the case of the borosilicate glass contacts, the calcul-
ated radius is 12 microns which gives a 'FM» factor at 
1 ,000 volts of 84 m/rn. 
6 . 3 . 2 Current Time Characteristic. 
When a constant voltage is applied to 
the silica contacts there is no drop off in current with 
time« Since the main charge carrier is the electron, this 
result is as expected« 
In the case of borosilicate glass saniples the 
fall off in current was observed for voltages of 1,000 volts 
but not for voltages up to 250 volts over a time period of 
fifteen minutes» Over greater lengths of time however a drop 
off was observed at the lower voltages. 
There are three factors which are associated with 
this phenomenon; 
( i ) A high electric f ield . 
( i i ) Points of contact and 
( i i i ) Ionic conduction. 
The most likely explanation for this, is the 
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build up of a space cloud of ions in the region of the 
contact• One possible mechanism by which this may occur 
is illustrated in Figure 6 • 6 , The dotted lines represent 
the flow lines some of which cross the air gap. An ion 
on one of these will corae to the surface of the particle 
and not be able to move across the ge^ as an electron can» 
It will then be fixed at this point. With time there will 
be a build up of a space charge which will slowly choke the 
current flow in this region. Normal conduction will continue 
at the actual point of contact except in so far as the field 
pattern is modified by the space charge^ On the other side 
of the gap there will develop a deficiency of mobile carriers 
which will also contribute to the fall off of current» 
Figure 6 .5 provides some additional evidence to 
support this model. This shows that the current fall off 
with time i s greater when the polarity of the broken specimen 
is made positive. Consider the case vfoere a known voltage 
is applied across the contacts. In the initial stages, the 
f ield pattern will be independent of the direction of the 
f ield , as also will be the current. Irrespective of the 
polarity, the number of ions forming the space cloud around 
the contact points will be the same» If the broken specimen 
is made the anode, these ions will build up in the specimen 
as shown in Figure 6 . 6 . Because of the geometrical shape 
of the region around the point, the ion concentration will 
be greater in this case than i t would be i f the f l a t 
specimen was made the anode» This greater ion concentration 
in the former case wi l l result in a greater space charge 
voltage drop and cause the current to f a l l o f f quicker 
than i t would with the polarity reversed. 
Spurious Pulses• 
The absence of spurious pulses in 
these tests i s consistent with the explanation of their 
or ig in given in Appendix I I . This model assumes that 
metall ic electrodes form an essential part of the pulse 
generating process and the absence of a metallic electrode 
in the high f i e l d region must mean that pulses cannot be 
generated« 
CHAPTER 7 . 0 
C O M P A C T I O N 
7.1 Introduction» 
Particulates found in their natural 
state are non-uniform in size and shape, and are not arranged 
in any predictable pattern. When compacted together this 
makes it very difficult to arrive at a suitable analytical 
expression for predicting their effective resistivity when 
compacted to form a particulate solid» 
In order to obtain some understanding of the 
factors which govern the effective resistivity of compacted 
particulates, the effective resistivity of spherical 
particles packed in regular arrays is analysed« It is 
shown that the resistivity depends on the mode of packing 
and is independent of particle size for a constant applied 
pressure» A relationship between the effective resistivity 
and the bulk value of the material is established and a 
term is introduced to account for the effect of the applied 
electric field» 
The random packing of spherical particles of 
uniform size is analysed and it is suggested that the 
effective resistivity may be related to the porosity in the 
same manner as it is for regular arrays» The effect of 
including small sized particles into a network of larger 
particles is discussed qualitatively» 
A general expression is derived for the effective 
resistivity of a particulate solid» This takes into account 
the compaction, bulk characteristics of the material, the 
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oontact characteristiGS and the strength of the applied field. 
7<»2 Effective Resistivity of Regular Arrays, 
7.2«1 Introduction» 
It is possible to calculate the effective 
resistivity of a particulate solid made up of spherical 
particles of equal size compacted in a regular array between 
two parallel electrodes. In order to do this it is first of 
all necessary to consider the different manner in which the 
particles may be assumed to be packed. Figures 7.1 and 7.2 
show the different packings considered (65). There are two 
basic types of layer; one is square and the other is rhombic. 
Each layer of the same type may be placed on a similar 
layer in three different ways so that a total of six 
different combinations are possible. Each diagram is a 
plan view of the array with one layer of particles shown 
by a solid line and the next layer by dotted lines« 
If it is assumed that the compacted spheres are 
subject to a constant pressure, then the effective resistivity 
may be calculated providing the following assumptions are 
made: 
(a) There are no frictional forces between 
adjacent particles, and between the walls of the container 
and the particles. 
(b) At the points of contact between the particles. 
rr 
elastic deformation takes place and the radius of the contact 
circle is given by the Hertz Equation, 
(c) Only volume conduction takes place, 
(d) The resistance of each contact is given by 
Holm's Equation, This assumes that the special effects due 
to high electric fields, type of charge carrier and dissimilar 
contact materials are negligible. 
In order to have some point of reference, the 
effective resistivity of the simple cubic array is taken as 
standard, and all other combinations are expressed as a 
percentage of this^ 
7.2.2 Variation with Mode of Compaction. 
The effective resistivity of each array 
will depend on how the pattern of the array will affect such 
parameters as the radius of contact, force at the contacts, 
number of contacts in series through which the current must 
flow, and the number of parallel paths available for the 
current flow. 
Irrespective of the method of packing, the radius 
of contact between two particles is given by Equation 2.11 
where the symbols have the meaning given to them in Chapter 2 
and PQ is the force normal to the plane of contact. 
If the particles are all made of the same material, 
this equation may be written as; 
3 a 7.1 
3 
If the Holm Equation is used to calculate the 
effective resistance of these contacts, then the resistance 
of each contact is given by; 
Ro = Pa = 2 K ^ J T ^ 
If it is assumed that the resistance of each 
contact is the same and that the resistance of the bulk of 
the particle is negligible compared with the contacts, then 
a close examination of each array will show that the flow 
of current will follow a regular pattern. The number of 
parallel paths for the current is equal to the number of 
particles in any one layer times the number of parallel 
paths in each particle« The number of contacts in series 
in any one of these parallel paths will also depend on the 
number of particles through which the current has to flow. 
This is a function of the particle size and the packing. 
Given Ns as the number of series contacts per 
unit distance, 
Kp as the number of parallel paths per 
unit area. 
vJ .. 
then the effective low field resistivity is, 
P Ns 7 , Ppo » zf 2 Np 
This equation is perfectly general for the arrays 
to be considered. The main task is to calculate the values 
of Pc, Ns and Np, These are shown in Table 7,1 for each 
of the arrays. 
If the radius of each particle is p, then the 
number of these particles which will make up a unit distance 
with their centres all in a line is, 
n = l/2p 7.4 
The number of contacts in series Ns i© any one of 
the parallel paths is the same as the number of layers of 
particles in one unit of thickness. In the two cases where 
each layer is mounted directly above the lower layer, the 
number of layers per unit distance is n. Table 7.1 lists 
the values of Ns for other types of packing. 
The number of parallel paths Np for the current is 
given by the number of particles per unit ares of a layer, 
times the number of parallel paths in each particle. The 
P 
number of particles in a unit area for a square layer is n 
and for the rhombic layer. Table 7,1 lists the values 
of Np for the different packing arrays. 
If the total applied pressure P is the same for 
all arrays, then the force on each particle in contact with 
TABLE 7 .1 
EFFECTIVE RESISTIVITY OP REGULAR ARRAYS OF 
SPHERICAL PARTICLES 
r — 
Type of 
j Packing 
•i 
C Porosity Ns 
i 
Hp PP 
' 
Fc 
: 
RR 
Simple 
Cubic 
6 
i j 
.4769 
i 
n 1 n2 
i 
1 
! 
P/n^ 
1, 
i 
1 .00 
jCubical-
iTetrahedral 
I 
: 8 1 •3954 
i 
n 
i 2n2/y3 1 v/3P/2n^ ; 0.91 
1 
iOrthorhombic i 1 8 •3954 1 i 2n/ /3 : 2 0.70 
Tetragonal-
Sphenoidal 
.2595 ; 2n/fs 4nVy3 \ 2 P/2n^ 0.63 
Pyramidal i 12 .2595 Tin 4n2 4 P/2/2n^; 0 .50 
Tetrahedral I 12 
1 
.2595 
i i 
: J5n/f2 
i 
L J 
3 
i . 
P/2/2n^ i 
i 
0 .50 
C m Go-ordination number• 
Ns - Number of contacts in series per unit distance. 
Np a Number of contacts in parallel per unit area, 
PP s Current paths per particle« 
Fc r Normal force at each contact point« 
RR « Relative resistivity factor» 
1 yJ -J 
the electrode is P/n^ for the square layer end p/3/2n^ for 
the rhombic layer• The actual force »Pc» normal to the 
contact surface depends on the number of contacts per 
particle and the angle the contact surface makes with the 
verticle» A summary of these values of Pc for the different 
arrays is tabulated in Table 7 . 1 . 
The effective resistivity of any array may now be 
found by substituting the appropriate values of K^, Pc, Ns, 
Np and^ in Equation 7 . 3 . I f the effective resistivity of 
the simple cubic array is taken as reference, then the 
effective resistivity of the other arrays can be expressed 
as a per unit value of this» The results for the different 
arrays are given in Table 7.1. 
7.2.3 Variation with Particle Size. 
The general expression for the resistivity 
of a regular array is given by Equation 7.3. I f the 
variables in this are expressed as functions of ' n ' , then 
it can be easily shown that the resistivity is independent 
of »n» and hence of the particle size» 
For a constant applied pressure, the p/a ratio is 
constant» Using Equations 7 .1 and 7.4 and that Fc is 
proportional to l / n , it may be shown that: 
p/a = K / ^ 7.5 
2 ^ 
s constant (Por constant pressure). 
r 
vJ . 
7 . 2 . 4 Variation with Pressure. 
For particles compacted in a regular 
array, there would be no variation of the bulk density of 
the mixture with pressure. The slight variation due to 
the elastic deformation would be negligible. Prom Equation 
7 .3 the effective resistivity may be shown to be given by; 
- ^ 
The value of the constant will vary with the packing 
array. This equation shows that the resistivity varies 
inversely as the cube root of the pressure. 
7 . 2 . 5 Relationship to Bulk Resistivity. 
The effective resistivity of a particulate 
solid will be greater than that of the bulk value of the 
material itself . The general relationship is given by 
Equation 7 .3 , and this is equal to, 
Peo = 
Where H is given by; 
H = 7.8 
Np 2 K^ P 
Consider the case of a Simple Cubic array where 
the values of Ns, Kp and Pc are given in Table 7 . 1 . Hence 
it may be shown that, 
H . p/a 
For other packing arrays, the value of 'H» must 
be multiplied by the relative resistivity (RR) factor given 
in Table 7 a . The more general expression for »H» is; 
H s RR p/a > p/a» 
Hence these pecking arrays may be reduced to an 
equivalent Simple Cubic array, with an equivalent contact 
radius of; 
a' s a/RR 
7 6 Effect of High Electric Fields. 
The analysis given in the previous 
sections assumes that the average electric field across 
the layer is sufficiently low to ensure that the voltage-
current characteristics of the contacts are linear» For 
high electric fields however, this characteristic becomes 
non-linear. This feature has already been investigated in 
previous chapters. 
Assume the different packing arrays are subject 
to the same average electric field E^^. The voltage across 
each contact Vc is given by; 
Vc s 7 .9 
It has already been shown in Chapter 2 that the 
basic parameter by which the electric field condition around 
the contact points may be examined is the «PM» factor. 
By definition. 
1 5 r- ''a 
FM « V^ / 2a c ' 
E 
as from Equations 7.1 and 7.9 
K Ns/F /n 4 V C' 
In order to determine the value of the 'PM' 
factor for the different arrays, it is necessary to know 
the values of Ns and Fc. For the six regular arrays 
considered, these values are shown tabulated in Table 7.2. 
In the case of the Simple Cubic array, the expression 
reduces to; 
E 
FM « T = = r 7.10 
K 
4 
If this is taken as reference, then for a given 
applied electric field, the values of the 'FM' factor at the 
contacts with other packing arrangements may be expressed 
as a percentage of this^ This is referred to as the 
relative field magnitude factor (RFM), and its magnitude 
for the different packing arrays is shown in Table 7^2. 
The net effect of the denser packing arrangements is to 
generally increase the 'FM' factor of the contacts above that 
for a Simple Cubic array, but in no case is this greater than 
fifteen percent. 
A more general expression for the 'FM' factor is 
obtained by including the 'RFM' factor in Equation 7.10. 
TABLE 
RELATIVE »FM» FACTORS FOR REGULAR ARRAYS 
Type of Packing REM 
Simple Cubic n P/n2 1 .00 
I 
1 Cubical-Tetrahedral 
j 
n 1^05 
1 
i Orthorhombic 2n/ /3 P//3n® 1^04 
Tetragonal Spheroidal 2n/ /3 1 .09 
Pyramidal ßn 1^00 
Tetrahedral Isn/ß P/sVin^ 1.15 
H RFM 
Hence FM = ^̂  v J.11 
K '^/T 
L E 7.12 av 
It has been shown in the previous chapters that 
for increasing values of the applied voltage across the 
contact, the voltage-current characteristic becomes non-
linear and the resistance of the contact decreases. In 
the case of insulator to insulator contacts and the bulk 
characteristics of the metal to glass contacts, the contact 
resistance between two particles follows the general 
relationship. 
-B FM 
Rc 2 Ro € 
Prom Equations 7.2 and 7.12; 
-B L E 
Rc 8 Ro € ^̂  
^ e 
2a 
Where N - B L 
O 
Consider one of the series paths with Ns contacts. 
The total resistance is given by; 
-N E av 
Rs - Na/3 £ 
2a 
Since there are Np parallel paths in a unit area, 
the effective resistance, and hence resistivity, of ttie 
unit cube is; 
p = p Ns € 7.1^ 
e 2a Np 
^ -N E 
p ae p € av 
ê eo 
Where/O is the effective resistivity of tha 
array for low electric fields and is given by Equation 
7 . 3 . 
n ' > O 
General Expression f o r E f f e c t i ve Res i s t iv i ty . 
I t i s now possible to write down a general 
expression f o r the e f f e c t i v e r e s i s t i v i t y of a part iculate 
so l id made up of spherical par t i c l es arranged in a regular 
array. Using Equation 7.7 and 3.17, the e f f e c t i v e 
r e s i s t i v i t y f o r low average e l e c t r i c f i e l d s i s ; 
Peo - HAg^A^ 7,15 
Where the value of H i s given by Equation 7»8. 
I t has already been shown in the previous section 
that this r e s i s t i v i t y i s reduced at higher values of applied 
e l e c t r i c f i e l d . Modifying Equation 7 a 6 by Equation 7.14, 
the general expression becomes; 
P^ « 7.16 
7.3 Non-uniform Array. 
7 .3 .1 Part ic les of Constant Size . 
A further extension of this work i s to 
consider the case of uniform spherical par t i c l es packed in 
some random manner. Assume that the part i c les do not c l ing 
together to create large vo ids . 
Experiments on the random packing of equal spherical 
p a r t i c l e s by Westman and Hugill (66) and by White and Walton 
(67) have shown that packing porosities between 37.7 and 
44,7 percent were obtained. Smith, Poote and Busang (68) 
carried out tests to determine the number of contacts with 
each particle as a function of the porosity. Deresiewicz 
(69) was able to find theoretically a relationship between 
the average number of contacts per sphere »0» and the 
porosity »V». This is given by, 
G = 26.4868 - 10.7262/(1 - V) 7.17 
For a porosity of 0^3954, the calculated value of 
the average number of contacts is 8^7. It is of interest to 
note from Table 7.1 that this number of contacts per sphere 
is reasonably close to that for uniform spheres packed to 
give the same porosity. 
Ridgway and Tarbuck (70) have given a summary of 
the experimental work of a number of investigators and have 
arrived at the empirical relationship: 
V r 1.072 - 0.1193 0 0.00431 G^ .. 7.18 
It is not possible to arrive at any simple analytical 
expression for the effective resistivity of randomly packed 
spherical particles, but it is quite likely that the 
relationships between resistivity, porosity and co-ordination 
number that exist for uniformly packed spherical particles 
will give some guidance for randomly packed particles. The 
IG 
CJflJ 
-P 
•H 
•H 
(D 
•H 
CO 
(D 
cr 
(!) 
•H 
-P 
CD 
rH 
D 
cr 
0 0.1 0.2 0.3 
Porosity 
0.4 0.5 0.6 
^ = Effective resistance of a simple cubic array 
FIGURE 7.3 RELATIONSHIP BETWEEN RELATIVE RESISTIVITY AND POROSITY 
EOR REGULAR PACKING NODES OF SPHERICAL PARTICLES 

•H > 
•H 
(0 •H 
CO (D CC 
(D > 
•H ^ 
(0 
iH 
(D 
ai 
Co-ordination Number 
P = Effective resistivity of a simple cubic array 
FIGURE 7.4 RELATIONSHIP BETWEEN RELATIVE RESISTIVITY AND 
CO-ORDINATION NUHBER FOR REGULAR PACKING NODES 
OF SPHERICAL PARTICLES 
relationships for uniformly packed spherical particles are 
shown plotted in Figures 7 A and 7.3. 
Prom an electrical point of view, it would be 
expected that the number of contacts per particle would be 
more significant than the porosity* Since however there 
is a very close relationship between the co-ordination 
number and the porosity, and since it is much easier to 
measure the porosity of a mixture than the average number 
of contacts per particle. Figure 7.3 may be used to indicate 
the possible relationship between the porosity aid relative 
resistivity of randomly pecked uniformly spherical particles. 
If porosities between 37.7 and 44.7 percent are 
normal for this type of packing, then the relative resistivity 
could be expected to vary between 77 and 93 percent of the 
value for a simple cubic array, assuming the applied pressure 
is the same in all cases. Hence the effective resistivity 
of a random compaction would be less than that for a simple 
cubic array but never less than half. 
7.3.2 Variable Sized Particles. 
Powders found in practice usually have 
different sized particles which often follow a normal or 
log-normal distribution. This, combined with the random 
packing obtained in practice, makes it very difficult to 
find a simple analytical expression to determine the 
effective resistivity. 
li; 
FIGURE 7.5 POSSIBLE POSITIONS OF SMALL DIAMETER PARTICLES 
IN A NETWORK OF LARGER PARTICLES 
O 
In order to obtain some understanding of the 
effect of the size distribution of particles, consider the 
case where a number of small particles is added to an 
existing mixture made up of much larger particles^ These 
smaller particles may affect the mixture in three different 
way s. 
(1) Some of the particles will fill in the voids 
between the larger particles in such a way as to reduce the 
porosity but not contribute in ajny way to the overall 
conductivity of the mixture» This is represented by 'A' 
in Figure 7.5. 
(2) Other particles will fill the voids between 
the larger particles and also contribute to the improvement 
of the overall conductivity by providing an additional 
parallel path to that of the main contact. This is repres-
ented by 'B» in Figure 7.5. 
(3) Other particles may place themselves between 
two large particles in such a way so as to only slightly 
increase the porosity but considerably increase the 
resistance of the current flow in that area. This is 
represented by 'C in Figure 7.5. 
It is to be expected that a mixture of sizes will 
generally reduce the porosity but it is not possible at 
this stage to predict how the effective resistivity will 
vary# The experimental work in Chapter 8 however, indicates 
that the effect of adding small diameter particles to a 
mixture of larger particles is to reduce the effective 
resistivity of the resultant particulate solid. 
7.3.3 General Expression for Effective Resistivity. 
Consider the case of a unit cube of the 
particulate solid. The total resistance of any one of the 
parallel paths through the cube is the sum of the individual 
resistances of the contacts. If it is assumed that the 
effective electric field through the particulate solid is 
constant Eĝ ,̂ the total resistance of one of the parallel 
paths is; 
Rs = Rĉ -f RCg + Rc^ ̂  - T Rcjjg 
Substituting in this series Equation 7»13, the 
total series resistance becomes; 
-N E 
n=:| ^ 
The summation of this series gives an expression 
which cannot be conveniently used in calculations. The 
series can be modified to a more useful form by replacing 
each contact in the series path by the same number of contacts 
of radius SL.. The value of this effective radius is such e 
that the total resistance of the path is unchanged. The 
resistance of the series path now becomes; 
Do p Ns ^ -N'E = 2 a ^ ^^ T.19 e 
where N' is the effective value of the constant in the 
exponent of the exponential. 
If it is now assumed that the number of parallel 
paths in a unit area is Np, and that the total resistance of 
each path is approximately the same, the effective 
resistivity of the unit cube is; 
P̂  = ( P Ns/2 a Np ) € 6 Q 
pH'e av 7.20 
H-Ae^A"^ 7-21 
Equation 7.21 is of the same form as Equation 7.16, 
the general expression for a regular array. It is not 
possible to predict the magnitudes of the constants H' aid 
li' by any simple analytical means, and at this stage they 
can only be obtained empirically« 
The relationship between the current density and 
the applied electric field is; 
J = ( E^yp H') e 7.22 
CHAPTER 8 . 0 
G O I ^ Í D U C T I O N I N 
P A R T I C U L A T E S O L I D S 
y—7 
FIGURE 8.1 APPARATUS FOR NEASURING RESISTIVITY OF PARTICULATE SOLIDS 
8 «1 Introduction« 
This chapter records some typical overall 
electrical characteristics of the borosilicate glass and 
silic a sacnples after they have been ground to a powder and 
compressed between two metal electrodes. These are then 
explained in terms of the characteristics of the seeled up 
models of the point contacts, the bulk characteristics of 
the glass and the mode of compaction• 
In order to illustrate the work in the rest of 
the thesis, a set of results has been obtained for a sample 
of fly-ash and its characteristics are explained in terms 
of the theory developed in the thesis. 
8.2 Characteristics of Glass Samples. 
8.2.1 Experimental Method. 
The apparatus used for these tests is 
shown in Figure 8.1. This comprises two parallel plates 
with a guard ring around the bottom plate. The top electrode 
is free to move in the vertical axis and can be adjusted in 
the horizontal axis by means of nuts on the vertical supports. 
A d.c. voltage is applied to the top electrode and the current 
through the bottom measuring electrode is measured by the 
Keithley Electrometer 610B. An insulated coaxial screened 
cable is used to connect the bottom measuring electrode to 
the instrument. The guard ring current is carried by the 
1 i "À 
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FIGURE 8.2 VARIATION OF CURRENT DENSITY WITH ELECTRIC FIELD. 
BOROSILICATE GLASS PARTICLES. SIZE 210 - 300 HICRONS. 
TEMPERATURE = 225 C. 
screen to earth« Considerable care i s necessary to 
eliminate the e f f e c t s of external e l ec t r i c f i e lds• 
The samples of s i l i c a and borosi l icate glass 
to be tested were cleaned in alcohol and then ground to a 
powder. This was then sieved and the following mixtures 
made up: 
A. Pull range of sizes resulting from the 
grinding. 
B^ 210 to 300 micron range. 
G, Less than 210 microns. 
D. A mixture of equal volumes of B and C. 
The sample to be tested was placed on the bottom 
electrode of the apparatus, the top electrode lowered onto 
the surface of the layer and the sample compressed with a 
weight of two kilogr ammes . 
For each of the mixtures, the following tests 
were carried out at a number of di f ferent temperatures. 
( i ) E-J character is t i cs . 
( i i ) The time variation of current for a 
constant applied voltage» 
( i i i ) The time variation of current for di f ferent 
values of applied voltage» 
8»2.2 Borosi l icate Glass Results. 
Figure 8.2 shows a typical plot of the 
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variation of current density with applied electric field 
for a particle range of 210 to 300 microns at a temperature 
of 225^0• The characteristics for other temperatures and 
mixtures were similar• Equation 7.22 is also shown plotted 
with constants H» and N« adjusted to fit the experimental 
points. 
If the effective resistivity for the given 
mixture is plotted against the reciprocal of the absolute 
temperature on semi-log graph psper then it follows the 
equation: 
p = H- A e 8.1 
e 
In order to obtain some indication of the effect 
of the different mixtures of particle sizes on the effective 
resistivity of the particulate solid, the effective 
resistivities at low electric fields were compared with the 
bulk value of the material at that temperature» The results 
are shown tabulated in Table 8«lo 
For any one mixture, the value of H' recorded is 
the average of a number of readings taken at different 
temperatures. 
Figure 8.3 records the variation of the current 
with time for a fixed temperature of 225^0 and applied 
electric field of 0.33 MV/m but with different mixtures of 
particle sizes. 
In cr der to illustrate the effect of temperature. 
r-s 
TABLE 8 . 1 
THE 'H' VALUES OP PARTICULATE SOLIDS 
BOROSILICATE GLASS 
S i z e Range 
i m i c rons 
E l e c t r i c F i e l d 
MV/m 
H' 
210 - 300 B 0 . 0 1 930 
Mixture D 0 . 0 1 850 
Less than 210 C 0 . 0 1 700 
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Figure records the current variation for the mixture 
210 to 300 microns at temperatures 175, 225 and 275*̂ 0 • 
In each case the applied electric field is 0.33 MV/m. 
Figure 8,5 records a typical set of current-time 
characteristics for different values of applied electric 
field. 
8o2.3 Silica Results. 
Voltage-current characteristics were 
obtained for mixtures containing the size ranges shown in 
Table 8.2 for a number of different temperatures. A typical 
result is shown in Figure 8.6 for a mixture containing 
particle sizes between 210 and 200 microns at a temperatxire 
of 282^0. Equation 7.22 is also shown plotted with the 
constants H» and N» adjusted to fit the experimental points. 
If the effective resistivity of the mixture is 
plotted against the reciprocal of the absolute temperature 
on semi-log graph paper then it follows the equation; 
15,300/ T 
The temperature dependence of the bulk resistivity of the 
particular sample of silica used for this test is given by; 
^ 15,320/ T 
yO - 7.0 X 10 ^ g 
From these results, a comparison is made of the 
effective resistivity of the particulate solid with the bulk 
resistivity of the material itself, at the same temperature. 
This is done for three different mixtures of particles and 
the results are recorded in Table 8.2. For any one mixture, 
the value of H» recorded is the average of a number of 
readings taken at different temperatures. 
The current-time variations for constant applied 
voltage that were observed, were due entirely to the para-
meters of the measuring circuit. It was found that the time 
constant of the decay increased with a decrease in temperature 
and that it always settled to a steady value. Each time the 
test was repeated, the current transient followed the same 
curve and settled at the same steady state value. 
When a voltage was first applied to a fresh mixture 
of particles the presence of spurious pulses were observed 
in the current flow. These pulses tended to have the 
following characteristics. 
(i) They only existed with fresh mixtures of 
particles. 
(ii) They were most numerous when the voltage 
was first applied. Over an initial period 
they were of both signs but later were mainly 
of negative polarity. 
(iii) After a period of five minutes they dis-
appeared altogether. 
(iv) They were temperature dependent, being more 
obvious at lower temperatures than at higher 
temperatures. 
TABLE 8^2 
THE »H» VALUES OP PARTICULATE SOLIDS 
SILICA 
S i z e Range 
m i c r o n s 
E l e c t r i e F i e l d 
Mv/m 
H' 
210 - 300 ÌB 
M i x t u r e D 
L e s s t h a n 210 
0.01 
0.01 
0.01 
8»3 Discussion of Glass Characteristics«» 
8.3.1 The E-J Characteristics. 
For both silica and borosilicate glass, 
the point of deviation from linearity begins at much lower 
electric fields when the glass is in the particulate form 
than it does when in the solid form. Table 8.3 gives the 
values of the electric field at which the deviation is 10 
percent. 
This non-linear relationship is attributed to the 
electrical characteristics of the point contacts between the 
particles themselves, and between the surface particles and 
metal electrodes. A detailed description of this phenomenon 
is given in Section 4.5 and Because of the particulate 
form of the layer, the current in passing from one particle to 
another, must do so by flowing through their common points 
of contact. As has been shown in Chapter 2, very high 
electric fields are produced in the region adjacent to the 
points of contact, thus affecting the overall characteristics 
in two ways. 
(i) The bulk resistivity of the material is 
reduced with increasing electric field. 
(ii) Charge transfer takes place across the 
airgap in the region adjacent to the contact. 
The effect of both of these is to reduce the 
effective resistance of the contacts and so reduce the 
TABLE 8 . 3 
ELECTRIC FIELDS GIVING TEN PERCENT DEVIATION PROM 
LINEARITY FOR SOLIDS AND PARTICULATES. 
I 
M a t e r i a l Form Tempgrature E l e c t r i c F i e l d 
Mv/m. 
S i l i c a S o l i d 275 1 - 5 0 0 
P a r t i c u l a t e 275 ' 0 -025 
B o r o s i l i c a t e S o l i d 225 2*500 
G l a s s P a r t i c u l a t e 225 0*030 
overall resistano® of the layer, causing the effective 
resistivity to decrease with electric field strength. 
Since low average electric fields through the 
layer cause high electric fields to exist around the points 
of contact, the deviation from linearity of the E-J 
characteristic will begin at much lower applied fields 
when the glass is in the particulate form than it does 
when the glass is in the solid form. 
The non-linear characteristics of both materials 
in the particulate form can be made to fit Equation 7.22 
derived in Chapter 7. 
T âv ^ N'E Q ̂  ^ = " ^^ 
Where H', N ^ and ̂  are constants. 
The only other factor which could cause the non-
linearity is the internal heating due to the Joule effect• 
This could be detected by observing a current increase with 
time, but for the test conditions described in this thesis, 
this did not occur« This is also consistent with the 
observations made with the scaled up point contacts. 
Although some heating must take place at the contacts, it 
must be regarded as having negligible effect on the overall 
characteristics. 
8•3.2 Temperature Dependence. 
The activation energy for both silica and 
b o r o s l l i c a t e glass in the pe r t i ou la te form i s the same as 
when the glass i s in the so l id form« This result i s in 
agreement with the model developed in Section 7 .3 .3 f o r the 
general expression f o r the e f f e c t i v e r e s i s t i v i t y . There i s 
no reason to expect anything d i f f e r e n t . 
8 . 3 . 3 Gompaotion. 
Tables 8 .1 and 8 .2 indicate that the 
e f f e c t of introducing smaller diameter par t i c l e s into a 
network of larger p a r t i c l e s i s to reduce the e f f e c t i v e 
r e s i s t i v i t y « Although i t i s poss ib le , as discussed in 
Section 7 . 3 . 2 , that some of the smaller par t i c l e s may place 
themselves between two larger par t i c l e s and so increase the 
res is tance , many more must provide paral le l paths f o r the 
current and so reduce the e f f e c t i v e resistance of the 
c on tac t s . 
The resu l ts also indicate that the resistance i s 
further reduced i f a wide d istr ibut ion of par t i c l e s izes 
i s present as in the case of the mixture with par t i c l e s of 
l e s s than 210 micron diameter. 
The e f f e c t i v e r e s i s t i v i t y of a part iculate so l id 
at low applied e l e c t r i c f i e l d s may be from 100 to 1,000 
times the bulk r e s i s t i v i t y of the material i t s e l f « The 
exact value depends on the pressure, par t i c l e s ize d i s t r i -
bution and the shapes of the par t i c l e s themselves. Because 
of the non- l ineari ty charac ter i s t i c , this value w i l l be 
3 U 
reduced by an order of one magnitude for electric fields of 
0.1 Mv/m. 
One of the main difficulties in obtaining consistent 
results, is the uneven compaction of the particulates in the 
measuring chamber. Since the particles do not flow like a 
liquid, it is possible to obtain pressure differentials over 
the surface of the layer so that a firm contact is only made 
at a few points on the surface• Bj taking care in spreading 
out the particulates evenly before the top plate is lowered, 
the effect of this can be minimised. 
8 . 3 . 4 Equation for the Effective Resistivity. 
It is now possible to write the general 
equation for the effective resistivities of particulate 
solids made from silica and borosilicate glass. 
S i l ica . 
p^ . 7.0 X 10- e 1 5 , 3 2 0 / T ) x 10-E^^ ^̂  
Borosilicate Glass. 
H »( 5.8x10-3 5.6 
Time Dependence of the Current, 
(a) Silica. 
The transient observed when the voltage 
is first applied is due entirely to the time constant of the 
measuring circuit. This is consistent with the character-
istics observed in Section 3.5.2. 
(b) Borosilicate Glass, 
The time dependence of the current is a 
contact phenomenon. At the cathode the effective resistance 
of the contacts between the electrode and the first layer 
of particles will gradually decrease. This is due to the 
injection of electrons into the particles at their point of 
contact with the metal electrode and their drift into the 
particle. This has been described in some detail in Section 
5.4.4. Since however these are in series with the contacts 
in the bulk of the layer, their effect on the overall 
characteristic is negligible. 
The main factor responsible for the current decay 
is the characteristic of the contacts at the anode. A 
detailed description of the effects taking place at the 
anode is given in Section 5.4.3. It is attributed to the 
depletion in the density of mobile carriers adjac ent to 
the points of contact with the metal electrode. This 
increases the resistance of the contacts and so reduces the 
overall current. 
That this effect is the same as described in 
X J.. 
Section 5•4.3 is confirmed by the following observations. 
(i) The temperature dependence is the same. As 
can be seen by comparing Figures and 5.6, the rate of 
current decay increases with temperature in both cases. 
(ii) In both cases, when the voltage was removed 
after a current-time run, and then re-applied after a lapse 
of five minutes, the current was the same as that just before 
the voltage Was removed. This indicates that the same type 
of ̂ permanent'change has taken place. 
(iii) The percentage variation of the current 
decay expressed as a function of the electric field is 
similar in both cases^ As can be seen from Figures 8.5 and 
5.6 the variation in both instances is greater at lower 
electric fields. 
The dependence of the current decay on particle 
size distribution is shown in Figure 8.3. In general the 
wider and the more even the size distribution, the less is 
the effect of the anode characteristic» The smaller particles 
will tend to fill up the spaces between the larger particles 
at the contact surface and so increase the effective area of 
contact with the electrode. As the contact area increases, 
the current decay will decrease. At the limit where contact 
is made over the whole area there would be no fall off in 
the current with time. 
The very small drop in current with the full range 
of particle sizes is due to the presence of the large 
p a r t i c l e s . I t was observed that some o f these were on the 
surface o f the layer with the i r f l a t s ides fac ing upwards 
against the anode« I f the main current f low from the anode 
i n t o the p a r t i c u l a t e s o l i d took place through these po ints , 
then no current decay would be expected« 
8 . 4 C h a r a c t e r i s t i c s of Plyash. 
8•4.1 In t roduct i on . 
The purpose of th i s sec t i on i s to record 
some t y p i c a l c h a r a c t e r i s t i c s of f l y a s h and then use the 
r e s u l t s o f the previous sect ions to explain the character -
i s t i c s observed. The sample tested was supplied by the 
E l e c t r i c i t y Commission o f New South Wales from hoppers of 
the e l e c t r o s t a t i c p r e c i p i t a t o r s of Tallawarra Power Stat ion, 
New South Wales. This f l y a s h has the highest r e s i s t i v i t y 
in the State and i s par t i cu lar ly d i f f i c u l t to p r e c i p i t a t e . 
Some chemical and other de ta i l s of th is f l yash are given in 
the Appendix I . 
8 . 4 . 2 Experimental Method. 
The apparatus used f o r these t e s t s i s 
shown in Figure 8 .1• The f l y a s h to be invest igated was 
f i r s t p laced in a f l a t dish and heated to a temperature 
of SOÔ G f o r twenty-four hours to thoroughly dry i t out» 
This was then placed in the measuring chamber and the top 
o» 
u 
electrode carefully lowered. Particular care was taken to 
ensure that contact was made over the whole surface. The 
total weight of the top electrode was 300 gms. The depth 
of the dust was measured with the dial gauge. The whole 
apparatus was placed in the oven and reheated again at 
maximum temperature for a further period of twenty-four 
hours. Voltage-current measurements were then made at 
temperatures of 268, 220, 197, 164, 143, 135 and 76^0. 
During these tests the layer of flyash was left undisturbed. 
Some of the flyash was then removed out of the chamber and 
the procedure repeated. Complete sets of readings were 
obtained for four different depths. In every case, the 
current transient s were allowed to die away before readings 
were taken. 
A separate series of measurements were made to 
determine the time dependence of the current decay. The 
circuit used is the same as in Figure 8 . 1 . A step voltage 
was applied to the top electrode and the current decay 
measured with a storage G .R .O . and a stop-watch. Tests 
were carried out between the temperatures of 145 and 240^0 
and for each temperature the time constant of the circuit 
was altered by varying the input resistance of the electro-
meter used to measure the current. 
8 . 4 . 3 Results. 
A typical plot of the electric field 
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against current density at a temperature of 195^0 and f o r 
four d i f f e rent thicknesses i s shown in Figure This 
charac ter i s t i c i s similar to that obtained f o r the part i cu-
l a t e form of s i l i c a and boros i l i ca te g l a s s . I t i s l inear 
f o r very low e l e c t r i c f i e l d s and becomes non-linear at 
values above 0 .1 MV/m. The deviation from l inear i ty can 
also be made to f i t the re lat ionship , 
^ = 
- 1 2 where Â^ = 8.9 x 10 
B^ 5 0.77 X 10 - 6 
This i s shown drawn in Figure 8 . 7 . 
Figure 8.8 i s a p lo t of the r e s i s t i v i t y against 
the rec iproca l of the absolute temperature on a semi-log 
s c a l e . All points f i t on a straight l ine giving an 
act ivat ion energy of 0.883 eV. The relat ionship i s , 
, ^̂ ^ ^ 10,210/T p = 3,000 € ' / 
Figure 8,9 records a typ ica l set of current-time 
charac te r i s t i c s f o r input Impedances to the electrometer of 
10^, 10^^ and 10^^ ohms, at a temperature of 175^0. 
Character is t i cs at other temperatures were also obtained 
but only the variation of the absorption current i s recorded. 
This i s shown in Figure 8 .10 . Here the value of th is current 
a f t e r f i f t e e n seconds, i s expressed as a percentage of the 
steady state current f o r d i f f e r e n t temperatures. 
8 . 4 , 4 Discuss ion . 
The e l e c t r i c f i e l d - c u r r e n t density-
c h a r a c t e r i s t i c i s l i n e a r f o r e l e c t r i c f i e l d s up to 0 .1 Mv/m 
but f o r higher values i t becomes non - l inear . This non-
l i n e a r i t y i s due to the par t i cu la te form of the l a y e r . 
Current f lowing from one p a r t i c l e to another must pass 
through t h e i r common po in ts of c ontac t . This causes high 
e l e c t r i c f i e l d s to be generated in the region of the 
contac ts which in turn reduced the bulk r e s i s t i v i t y of the 
p a r t i c l e s and causes charge t rans fer to take place between 
adjacent surfaces in the region of the contact p o i n t s . The 
net e f f e c t o f t h i s i s to reduce the e f f e c t i v e res i s tance 
of the contacts and so reduce the e f f e c t i v e r e s i s t i v i t y of 
the p a r t i c u l a t e s o l i d . The non-l inear e l e c t r i c f i e l d -
current density c h a r a c t e r i s t i c can be made to f i t Equation 
8,2, 
The low e l e c t r i c f i e l d r e s i s t i v i t y o f the compacted 
layer depends on the temperature and compaction. The 
temperature dependence i s given by Equation 8 . 6 . The 
constant 3,000 in t h i s equation contains a term H» which 
accounts f o r the mode of compaction, p a r t i c l e s i ze d i s t r i -
bution, p a r t i c l e shape and the applied pressure . Since i t 
i s not p o s s i b l e to determine the bulk r e s i s t i v i t y of the 
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FIGURE 8.11 FLY ASH ABSORPTION CURRENT. TEMPERATURE = 172 C 
APPLIED VOLTAGE = 500 VOLTS. 
Ó 'J J^ 
particle material itself , the actual value of H' is unknown. 
I f the work on the silica and borosilicate glass particulate 
solids are of any guide, then H' could be expected to vary 
between 100 and 1 , 0 0 0 . 
The general equation for the effective resistivity 
of the flyash sample is given by, 
p^ = 3,000 . ^ -0.77 X g^^ 
The transient component of the current is shown in 
Figure 8 . 9 clearly divides itself into two parts. The first 
i s associated with the measuring circuit constants and can 
be separated out by varying the input resistance to the 
current measuring electrometer. The second component is 
independent of the measuring circuit parameters and must 
be a characteristic of the flyash itself . This is known 
as the absorption current and has been discussed in Section 
3 . 5 . Figure 8 .11 is a plot of this absorption current for 
an applied electric field of 0 .1 Mv/m and a temperature of 
172^0 . 
The relative magnitude of this absorption current 
with respect to the steady state current decreases with 
increasing temperature as shown by Figure 8,10o This is 
consistent with the observations made by other investigators 
(50) (53) . 
p -
'-J- - • 
Once the absorption current falls to zero, the 
total current is steady« On the basis of the work with 
the particulate form of the borosilicate glass, it may be 
concluded that the main charge carrier in the flyash is 
electronic• This is confirmed by the closeness of the 
E-J characteristics for different depths which indicates 
that there are no special contact effects taking place as 
would be the case if the main charge carrier was ionic. 
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I Ply-ash Composition. 
I . l Chemical Analysis, 
The following table gives a typical 
chemical analysis of the flyash from Tallawarra Power Station. 
The analysis was carried out by the Electricity Commission 
of New South Wales. 
TABLE 1 .1 
PLYASH COMPOSITION 
Compound Percent Content ! 
Combustible 
SiOg 
AI2O3 
CaO 
S and SO^ 
2 .40 
71 .30 
21.60 
2.80 
0.96 
0.22 
0 . 2 2 
This table shows that 93 percent of the flyash 
is made up of Si02 and AlgO^. 
Tests for trace elements have also been made. The 
following elements were detected and the concentration, in 
parts per million, is given in parenthesis. 
B (150) , Ba (400) , Co (10) , Cr (50) , Cu (50) , Ga (30) , 
Ge (30) , La (100) , Mn (1000) , Mo (10) , Ni (25) , Pb (70) , 
O n (Ĉ  
S (1500) , Sc ( 30 ) , Sr (500) , V (200) , Y (60) , Zn (1000), 
Zr (800) • 
I . 2 X-Ray D i f f r a c t i o n Pattern^ 
An X-ray d i f f r a c t i o n pattern was taken to 
determine the mineral combination of the s i l i c a and alumina. 
The f l y a s h had a pattern s imilar to that of s i l imaniteo The 
pattern a lso ind i ca ted that the basic oxides present are 
probably in so lut ion in the a l u m i n o - s i l i c a t e . The conc lu -
sion that the ash c o n s i s t s of an a lumino -s i l i ca te of the 
s i l imani te type cannot account f o r some 50 percent of the 
SiOg, Since the d i f f r a c t i o n patterns show no strong l i n e s , 
t h i s would ind i ca te that some polymorph of th i s oxide i s 
present . One p o s s i b l e conclus ion that may be drawn i s that 
t h i s SiOg i s present in a non - c rys ta l l ine form, e i ther as 
SiOg or in some complex molecular form. 
The X-ray d i f f r a c t i o n patterns and in terpre ta t i ons 
were c a r r i e d out by the Department of Metallurgy, Wollongong 
University C o l l e g e . 
I I Stray Pulses in S i l i c a . 
I I , 1 Introduct ion . 
In carrying out t e s t s on the bulk 
c h a r a c t e r i s t i c s of s i l i c a i t was observed that at high 
e l e c t r i c f i e l d s the reading of the current was made d i f f i c u l t 
o ̂  n 
u 
(S 
CO 
u 
(S a 
0) 
m 
CO fH 3 
CL 
2 _ 
>s 
(D O c 0 D CT (D P 
L. 
1 -
0 
0 500 1000 1500 2000 2500 
Applied Voltage volts 
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by the presence of spurious pulses superimposed on the d.c. 
current• 
In order to investigate their origin and character-
istics, the rod electrode system was used. This is essentially 
the same as shown in Figures 4.3 and 4.4. By using this 
geometry, a non-uniform electric field is established in 
the silica disc and by varying the polarity of the rod 
electrode the effect of the electrode polarity can be 
determined. 
II.2 Procedure and Results. 
The apparatus was placed in an oven and 
heated to a temperature of 275^0. The voltage was then 
increased and the presence of pulses observed on a storage 
oscilloscope. When the rod electrodes were held at negative 
potential, the pulses appeared at a voltage of 1,300 volts 
and their frequency increased with the voltage. Figure II«1 
records a typical set of results. The characteristic for a 
temperature of 225^0 was very similar to this. 
It was also observed that if the voltage was held 
at one value for any length of time, the frequency of tlB 
pulses reduced with time. A typical example, taken for a 
voltage of 2,100 volts, is shown in Figure II.2. Results 
at other voltages and temperatures have the same general 
characteristic. 
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Figure II.3 gives a typical shape of the pulses. 
The peak value of the pulses decreased and the time constant 
increased as the input resistance to the electrometer 
increased. 
When the points were held at positive potential, 
no pulses were observed for voltages up to 2,500 volts. 
However, if this potential was maintained for more than a 
minute, then positive pulses began to appear. They gradually 
increased in magnitude and frequency over a period of three 
minutes after which time their intensity quickly reduced. 
After thi s, only spasmodic pulses were observed. The general 
shape and time constants were the same as those for the 
negative pulses. 
II.3 Discussion. 
Because of the exceptionally low mean 
free path of the mobile carriers in the silica, it is clear 
that the pulses observed are not due to sudden flow of 
charge through the insulator. The current observed in the 
external circuit must be due to the sudden generation of 
space charge in the silica itself. The actual charge 
associated with each pulse may vary by orders of magnitude. 
The charge in the pulse shown in Figure II.3 is given by, 
I(t) dt 
and is equal to g .0 x lO'^^ coulombs. This is equivalent 
O " ' ̂  
to 5.0 X 10 electrons^ 
The generation of noise in d ie lec tr i cs has been 
investigated by a number of workers. The explanations 
o f fered f o r this phenomenon vary from that due to avalanches 
of electrons emitted from the metal electrode by Hawarth 
and Bozorth(71), the f luctuating motion of ions in the 
so l id material by Boyer(72), the ionization of small voids 
due to poor electrode contact by Mason(73)(74), the 
presence of e l e c t re t s - by Baumann and Wiseman (75), to 
the sol id state chemical act iv i ty at the contact surface 
by l^orthrip(76) • In a l l the experimental work carried out 
by the above investigators, the samples were placed between 
two paral le l p lates . This electrode arrangement has some 
l imitations as i t i s not possible to distinguish between 
the separate e f f e c t s of the two electrodes. By using the 
rod to plane electrode system suggested in this thesis, 
this l imitation i s overcome. 
Of the theories put forward, the only two which 
are l ike ly to apply to s i l i c a are those of fered by Hawarth 
and Bozorth, and Mason. Both are consistent with the much 
greater act iv i ty at the negative electrode. An alternative 
model which would be consistent with the experimental 
evidence i s to consider a process analogous in some respects 
to the generation of Trichel pulses in negative corona 
discharges. 
cl ^ b 
Consider a volume of the silica close to the point 
of contact between the rod electrode and the silica» If the 
rod electrode is held at a negative potential, then as this 
increases, the electric field in the silica increases until 
it is high enough to cause an avalanche of electrons, 
ooporntod from their parent atoms. As the negative space 
charge is built up, it reduces the field strength around the 
contact point and chokes ary further generation of free 
electrons» As this negative space cloud moves away from the 
electrode, the positive ion defects move towards the rod 
electrode where they are neutralized by the metallic electrons. 
The result of this process is that there is a net gain in 
negative space charge in the silica which appears as a 
current pulse in the external circuit. In the initial stages, 
the increase in the frequency of the pulses with the applied 
voltage is also analogous to discharges in gas. As the 
applied voltage increases, the space charge cloud is not so 
effective in reducing the electric field at the electrode 
below the ionization level, hence the pulses can be generated 
at a greater frequency. 
In one respect these pulses are not analogous to 
the discharges in gas. For a fixed applied voltage, the 
pulses observed in the silica decreased in frequency and 
magnitude with time« This does not occur with the Trichel 
pulses. This characteristic of the pulses in silica can be 
attributed to the gradual build up of a negative space 
charge in the silica by the electrons emitted from the rod 
electrode. As these move into the lower field areas, they 
are more likely to become trapped. The net effect of this 
is to cause the build up of a stationary space charge which 
will reduce the field strength around the rod electrode and 
so reduce the frequency of the pulses until they are 
completely choked« 
The characteristics observed with the rod electrode 
positive cannot be explained in terms analogous to gas 
discharges. Under the influence of the high electric field, 
an avalanche of electrons is generated within the silica 
and moves to the electrode leaving behind a positive space 
cloud. This initially chokes the avalanche until it moves 
away from the area* The initial delay could be due to the 
very low drift velocity of the initial avalanche of electrons 
so that there is a delay from the time they are generated to 
the time of their arrival at the electrode» Once they arrive, 
there is a sudden appearance of a positive space charge 
which appears in the external circuit as a positive pulse« 
This process cannot go on indefinately because there is only 
a limited number of electrons capable of being separated 
from their parent atoms. Hence there is a sudden burst of 
pulses which quickly dies down as the area becomes depleted 
of easily ionizable electrons. 
The absence of spurious pulses in the silica to 
silica tests recorded in Chapter 6 is consistent with this 
model and supports its validity« 
o 1 O d ^ o 
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I I I Scaling and Method of Plotting Results, 
m a Scaling. 
Since it is physically impossible to 
investigat e the characteristics of the contact points 
between actual particles, it is necessary to use a scaled 
up model of the contacts. In most engineering problems 
where it is desired to represent some actual situation 
with a scaled model, it is often difficult to do this in 
such a manner that the model represents the original in 
every respect. It is usual to arrange the model so that 
the main parameters are accurately represented and adjust-
ments are made to the results for those parameters which 
are not accurately represented. 
The main requirement of our model is that the 
current flow pattern in the ideal particle is the same as 
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that in the model, and that the electric field strength 
is the same at corresponding points in the particle and 
the model• It will be shown in the next section that this 
condition is obtained if the voltage is increased in the 
same ratio as the radius of contact» 
III^S The »PM» Factor. 
Consider the case of circular metallic 
contact on the surface of a flat sanple of high resistivity 
material. If the material is homogenous and of constant 
resistivity, the field pattern of the current flow is given 
by Holm's equation. This pattern will be the same for any 
radii and the magnitude of the field will vary with the 
applied voltage and the radius of the contact. Examination 
of the equations in Section 2.4,2 shows that the electric 
field strength across the axes considered are given by the 
relationship, 
Ep s K (V/a) 
Where V is the voltage across the contact, a is the 
radius of the contact circle and K is a constant which will 
vary with the axes. 
The ratio of V to a is an important constant and is 
called the 'FM' or 'Field Magnitude' factor. If this value is 
the same for two different contacts, it may be asaimed that 
the magnitude of the two fields are the same and that one 
contact correctly models the other# 
o - '• 
The use oí the term can be extended to describe 
the field condition in the particles compacted together to 
form a layer. If they are arranged in a simple cubic array, 
the voltage across each particle is given by, 
and the voltage across half the particle is, 
V = Vp/2 
Since it is assumed that the current pattern in 
the particle is given by the Holm equation, the electric field 
strength in the particle is, 
Ep s K Vp/2a r K PM 
Where FM = V/a r Vp/2 a = 
Por a compacted layer of particles, the field 
strength in the particle increases in the same ratio as the 
average applied electric field across the layer. 
The electric field strength between the surfaces 
of two particles in contact is given by Equation 2.27. 
Eg « K PM (p/a) 
In this case, for one particle to correctly model 
another, it is necessary that, 
(a) their P̂M» factors be the same, and 
(b) the ratio of p to a for each particle is 
the same* 
III.3 Vertióle Axis. 
One of the main requirements of the method 
adopted in plotting the results is that the results from 
different tests can be easily compared^ Consider the case 
of the metal electrode to glass contacts described in 
Chapters 4 and 5. The resistance of the contact is: 
R^ = V / I - 4a. 
This may be rewritten as, 
isl . 1 0 
Dividing top and bottom terms by 4a^, the equation 
becomes; 
= 1.0 
Hence if V/a is plotted against 4a^ on 
rectangular axes using the same scale, the resultant curve 
will be a straight line inclined at 45^ providing the 
resistivity of the glass remains constant with the applied 
voltage and no electron emission takes place across the 
airgap. This will be true irrespective of the temperature 
and the radius of the contact circle. Any reduction in 
the resistivity with the applied voltage or any electron 
emission across the airgap will cause the resultant curve 
to sit above this 45^ line. 
